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EFFECT OF ALKALIS AND SULFATES ON PORTLAND CEMENT SYSTEMS 
Mahmoud A. Halaweh 
 
ABSTRACT 
 
The effect of the sulfates and alkalis on the durability of Portland cement systems 
was investigated through a series of cube and prism mixes. Durability was assessed using 
expansion of mortar prisms and the compressive strength of mortar cubes. The study 
covered a large range of both alkali and sulfate contents using 5 different Portland 
cements. The alkali contents ranged from 0.27 to 3.8%, the sulfate content (as SO3) 
ranged from 2.54 to 5%. Doping was done using Terra Alba gypsum and potassium 
hydroxide. In addition to physical measurements, SEM, XRD, chemical analysis and heat 
of hydration calorimetry were used for further analysis. Mixing, curing and testing were 
done at room temperature.  
 
The results show that sulfate contents up to the levels used in this study, at low alkali 
contents and ambient temperature curing, did not adversely affect durability of Portland 
cement mortars up to 360 days. A correlation was established between expansion and 
ettringite formation.  
 
Increasing the alkali content always resulted in loss of compressive strength, and in some 
cases, excessive expansion. Excessive expansion was only experienced at the 3.8% level. 
Alkali levels of up to 2% and sulfate levels of 5% did not result in excessive expansion at 
 
xvii
room temperature-cure up to the ages reported here. The effect of alkali depended on the 
cement mineralogical composition, especially C3S content.   The addition of alkalis seems 
to impact the nature of the microstructure and the nature of other hydration products.  
 
The addition of sulfates seems to counteract the effect of alkalis, especially on the loss of 
compressive strength. However, these sulfates may result in other problems as they may 
be available at any time to form ettringite which may, under certain conditions, result in 
excessive expansion. 
 
It was concluded that sulfate levels on the order of 3-3.6%, did not pose any major 
durability drawbacks under normal curing temperatures and low alkali contents (<1%). 
Alkali levels above 1% will adversely affect the durability of Portland cement systems. 
 
1
 
 
 
 
 
CHAPTER 1 
INTRODUCTION 
1.1 Background on Sulfate Attack 
 As concrete becomes increasingly used as a construction material, durability 
issues become more and more important.  
 
Its availability and relative low cost compared to other building materials made it more 
versatile. With less skilled labor required as compared to other construction techniques, 
the improvement in workmanship and quality control can only go so far, if the quality of 
the material used is not up to par, and as a one engineer once said, “The principles of 
engineering have not changed throughout the history, but we can always improve the 
materials”. 
 
One of the durability problems that may occur during the service life of a concrete 
structure is sulfate attack. It may result in expansion, cracking, spalling and eventually 
reduction of the strength of concrete. It can also subject the structure to other forms of 
attack; corrosion, etc. 
 
The ordinary Portland cement used in the manufacture of concrete consists mainly of 
calcium silicates and aluminates; tricalcium silicates (C3S), dicalcium silicates (C2S), 
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tricalcium aluminates (C3A), and tetracalcium aluminoferrites (C4AF) and of course other 
minor phases. ASTM classifies Portland cement into five types according to the relative 
amounts of these compounds. It should be noted, however, that although these 
classification are based on chemical composition, the ASTM specifications are 
performance based. That is, cements have to meet certain physical requirements. 
 
Tricalcium silicate phase is responsible for the early strength gain in concrete and the 
dicalcium silicate contributes to the late strength gain (beyond 28 days). Tricalcium 
aluminate phase is very reactive and at the addition of water it would hydrate quickly and 
causes what is called “flash set”. This phenomenon will make it hard to place and finish 
the concrete in timely manner. To control the hydration, calcium sulfates (in one or more 
forms) are added, usually in the form of gypsum (CS
_
H2), which reacts with C3A 
according to equation (1) and form an ettringite (tricalcium aluminate tricalcium sulfate 
hydrate)  coat around C3A grains. 
 
 C3A + 3CS
_
H2 +26H→ C6AS
_
3 H32 ……………1 
 
Ettringite formed during early hydration is referred to as ‘Primary Ettringite”. The 
primary ettringite formed during the initial hydration does not cause damage, because of 
its occurrence in a plastic matrix and the volume changes will be accommodated within 
the matrix. The ettringite that forms after the concrete has hardened is called 
“Secondary”, “Delayed” or “Late” ettringite, and this could be detrimental to concrete. 
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In Type I Portland cement (ASTM specification), the Al2O3/SO3 ratio is mostly equal to 
~ 1.6 and contains a maximum of 3.5 to 4% SO3 (US and European standards (1)) so at 
the beginning of the hardening stage, primary ettringite will be converted to 
monosulfoaluminate according to equation (2) since ettringite requires a Al2O3/SO3 ratio 
of 3 to remain stable. 
 
C6AS
_
3 H32 + 2 C3A +4H→ 3C4AS
_
H12 …………….2 
 
On subsequent exposure to a sulfate source in excess of that present in the MS, the 
monophase may reconvert to ettringite following equation (3) 
 
3C4AS
_
H12 + 2CS
_
H2 +16H→ C6AS
_
3 H32 ………….3 
 
On the other hand, the monosulfate hydrate phase (C4AS
_
H12) is known to be unstable at 
room temperature and lower temperatures (1,2). 
 
Therefore, even in the absence of an external sulfate source, the monosulfate hydrate may 
accept sulfate ions released from an internal source to reform ettringite. The later 
phenomenon is called internal sulfate attack (ISA) which occurs usually in heat treated 
concrete. The issue of internal sulfate attack started to receive more attention in the mid-
eighties when damage was reported in heat-cured prestressed concrete railway ties; it was 
believed that this was due to the elevated heat-cure followed by ambient cure. However, 
ISA is not limited to heat-cured concretes. ISA potential under ambient temperature cure 
exists under certain circumstances; this notion was emphasized by Collepardi (3). 
Collepardi proposed a model for the ISA to occur. The author called it a holistic 
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approach. According to the author, the phenomenon of ISA under ambient temperature 
cure is plausible. The model stated that ISA could occur if the following is present: 
microcracks, delayed release of sulfate and moisture. The microcracking is a problem that 
existed and will always exist, whether due to loading or defects in the microstructure. The 
delayed release of sulfates is definitely worth careful consideration. This is not 
necessarily due to slowly-soluble phases, but could be due to chemical changes occurring 
in the matrix. These changes do not require high temperature. 
 
One possible way to define the possibility of DEF (delayed ettringite formation) due to 
ISA (internal sulfate attack) is as follows: The formation of ettringite after the 
cementitious material has substantially hardened  and in which none of the sulfate comes 
from outside the concrete or mortar. 
 
1.2 Expansion Theories 
From what has been reported in the literature, possible damage mechanisms due 
to ettringite formation in normal as well as in heat treated concrete can be drawn through 
two major theories, the crystal growth and the swelling: 
 
 1.2.1 Swelling Theory 
 If the formed ettringite, either primary or delayed, inside the microstructure is 
micro-crystalline in nature, then it may cause expansion pressure in hardened concrete 
due to adsorption of water. Mehta (4) reported that the ettringite formed in the presence 
of calcium hydroxide is colloidal in nature, it has a high surface area and exhibit a net 
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negative charge. On exposure to water, this type of ettringite attract a large number of 
water molecules that surround the ettringite crystals and causes inter-particle repulsion 
that results in expansion. Famy (5) added to that by mentioning that the high negative 
charge is due to the high pH (resulting from the presence of the calcium hydroxide), and 
in the absence of calcium hydroxide the ettringite is well-crystallized and its formation 
does not result in expansion. Min and Mingshu (6) stated that the concentration of the 
hydroxyl ions is what determines the mode of ettringite formation, so this means in a high 
alkaline pore solution, even with low calcium hydroxide solutions, the same result would 
be expected due to the high pH. 
 
 1.2.2 Crystal Growth Theory 
 The recrystallization of ettringite in the hardened concrete, due to the moisture 
changes and accumulation of reactants, may lead to damages because of the 
crystallization pressure and the increase in volume. According to this theory, not all the 
ettringite formed causes expansion, since a portion of the ettringite will be deposited in 
available voids and cracks, so only the excess will cause expansion. However, there are 
two different arguments regarding this theory (1). The first argument indicates that for an 
expansion pressure to occur, supersaturation must be achieved and this does not happen 
in hydrated cement solution. Another argument points out that this theory does not take 
into account the nature of concrete being a semi-brittle material and a partial saturation 
might be enough to exert pressure above the concrete tensile strength. A tensile stress 
applied at the tip of a crack might be magnified depending on the length and the 
geometry of the crack. Also, due to the heterogeneous nature of concrete a uniform 
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expansion is not always likely, so the preferential crystal formation and the 
heterogeneous nature may result in cracks due to non-uniform expansion. This 
mechanism could also take place if ettringite forms in hardened concrete from less-sulfate 
containing compounds either delayed due to temperature gradient which might occur in a 
massive concrete or to the heat treatment in prefabricated concrete. A delayed ettringite 
formation might occur, as well, as a result of sulfates present in the concrete ingredients 
such as the aggregate or from an external sulfate source which reach the aluminate phases 
through diffusion. These conditions should take place at room temperature in cements 
with an A/S ~1.6 in which the monosulfate hydrate has already existed and transformed 
to ettringite as a result of the above mentioned factors. All these should lead to 
nucleation, crystal growth and to the increase in volume causing stresses which should 
exceed the tensile strength of concrete. The transformation of monosulfate to ettringite is 
well known to cause 2.3 times increase in volume. 
 
1.3 Factors Affecting the Formation of Ettringite and Expansion Potential 
 So far, it is believed that the secondary ettringite formation could result in damage 
in hardened concrete, as a result of ISA. The expansive nature of ettringite, coupled with 
heterogeneous nature of concrete can result in non-uniform expansion. The expansion 
potential is influenced by two factors; ettringite formation and the nature of the C-S-H 
gel.  
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The following factors influence the phenomenon: 
1. Cement composition  
a. Tricalcium silicates (C3S):  This is the most abundant mineral in Portland 
cement, and mostly responsible for strength by forming C-S-H gel upon  
hydration. C-S-H has an affinity to incorporate some of the sulfates present 
in cement (5, 7). However, the affinity for sulfates increases with increase in 
temperature and an increase in alkali content as will be shown in subsequent 
paragraphs. Since the sulfate is a main ingredient in the formation of 
ettringite, it may be released at later ages and participate in the formation of 
ettringite after hardening (5). So, higher   C3S content may require higher 
sulfate content for proper retardation, which may become problematic at 
later ages. 
b. Tricalcium aluminate (C3A): Since the control of the reaction of this mineral 
requires the addition of sulfate, higher C3A content means higher sulfate 
content in order to control the hydration. That is not all however, not all the 
sulfate will be bound as ettringite (as mentioned above) and even if so, the 
ettringite may decompose and reform again after hardening. So, higher 
sulfate additions may prove detrimental to concrete eventually. 
c. Alkali content: The alkali influences the rate of hydration of C3A and 
ettringite stability (1), which in turn may impact the sulfate requirement. It 
also influences the nature of the hydration products including ettringite and  
C-S-H gel. The presence of alkali hydroxide may increase the rate of sulfate  
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ion release into solution, coupled with ettringite instability, may lead to the 
inclusion of these sulfate in the C-S-H gel (17). The effect of alkali will be 
expanded upon later.  
d. Sulfate content: As presented earlier in this document, the sulfates are added 
mainly to control the hydration of C3A. They participate in the formation of 
ettringite. The sulfate requirements are complicated, as mentioned above. 
So, balancing this requirement considering all other factors C3S, C3A, alkali 
content, and fineness is not an easy task. The key is to control the sulfate 
addition in order to ensure a durable concrete, with high strength and low 
drying shrinkage.  
Due to strict environmental regulations, and the need for less expensive 
fuels, modern cement clinkers contain higher sulfate contents. Cement 
producers are pushing and advocating relaxing the restrictions on sulfate 
contents. The complicated cement hydration mechanisms make it hard to 
just allow higher sulfate levels than currently acceptable without more 
understanding of the interaction of all these phases and their impact on long 
term durability. 
2. Cement fineness: Fineness influences the rate of hydration; this in turn will 
influence the sulfate requirement in order to control the rate of hydration.  
3. Curing temperature: The temperature affects hydration rate and the nature of the 
gel formed. The higher temperature results in higher porosity and a coarser C-S-H 
structure (81) . It also impacts the stability of ettringite (5). 
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4. Sulfate forms: The late formation of ettringite means late release of sulfates. This 
could be due to the concentration of sulfate in some silicate phases of the clinker 
such as dicalcium silicates, or due to the presence of sulfates in slowly soluble 
forms, such as anhydrite or even in some sulfate-rich aggregates.  While the idea 
of slowly-released sulfates was supported by several researchers (3, 8, 9) it was 
opposed by others (10, 11, 12, 13, and 14). This should not be a point of 
controversy; even if all the sulfates were to be very soluble, the late release may 
occur due to the other factors mentioned above. 
 
 1.3.1 Effect of Curing Temperature 
Ettringite stability 
As already mentioned, it is established in the literature (1, 2, 5, 15) that ettringite 
decomposes to monosulfate hydrate on exposure to elevated temperature >80 ˚C. The 
monophase is further converted to the sulfate free calcium aluminate hydrate at a long 
exposure time to boiling water temperature. Other published data offers a maximum 
curing temperature of ~70 ˚C as a safe curing temperature. Because ettringite is the stable 
calcium sulfoaluminate hydrate phase at room temperature,  it will then  reform in the 
concretes stored at ambient temperature. One other thing to keep in mind, the temperature 
rise in concrete to levels where ettringite becomes unstable and decomposes, does not 
have to be due to heat-curing. It was reported in the literature (91) that in large concrete 
sections with high cement content, the internal temperature could rise up to 85 ˚C.  
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The stability of ettringite depends on factors other than the temperature. Heinz et. al. (16) 
detected the presence of ettringite after 12 hours of curing at 90 ˚C when cement had 
8.6% by weight SO3.  This could be due to the fact that the density of the matrix and the 
exposure time were not sufficient for its decomposition . It can be concluded that the 
exposure  time has an effect, in addition to SO3  content as well as cement composition, 
especially C3S. C-S-H is known to incorporate sulfate ions (5,7). The C-S-H gel affinity 
for sulfate increases with the increase in curing temperature (17). 
Ionic spices availability  
The high temperature seems to result in a lower pH (19); it is not known whether this 
affects the stability of ettringite directly. However, the drop in the pH results from the 
precipitation of the calcium hydroxide, which in a cement system will be supplied 
through the hydration of calcium silicate phases.  
 
Also, it has been established in the literature that the solubility of calcium hydroxide 
decreases with increasing temperature. This implies less calcium hydroxide available for 
the formation of ettringite. However, the decisive factor seems to be the availability of 
the sulfate in solution according to the experiments conducted by Heinz (16).   
In reference (5), the author showed that the sulfate ion concentration increases with 
increasing  curing temperatures; at the same time, no ettringite was detected under these 
conditions 
Nature of C-S-H gel 
Since high temperatures decrease the solubility of calcium hydroxide, it may result in less 
calcium available for the formation of C-S- H gel. This can result in a lower Ca/Si 
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ratio. Also, it was reported in the literature that the nature of the gel formed at elevated 
temperature differs from that formed at ambient temperature (81). The gel formed at 
higher temperature has been reported as coarser with higher porosity. 
 
Many researchers (8-18, 20-39, 69, 72 and 75) have tackled the issue of DEF due to heat-
treatment offering different hypotheses on the mechanism of the attack. However, the 
published literature still offers conflicting theories. In reference (38) the author reports 
that certain cements did not expand even after prolonged heat curing at 100˚C.  However, 
delayed ettringite due to ISA has been reported to occur in concrete which has not been 
subjected to heat treatment (3). This could be due to the decomposition or the lack of 
formation of the primary ettringite due to chemical changes of the concrete pore solution, 
such as the change in alkalinity. 
 
While some investigators rejected the hypothesis that the cause of damage was due to ISA 
in lieu of other causes, such as ASR (40) and freeze and thaw, as being the primary cause 
for damage in some heat-cured concrete damage cases; nonetheless there seems to be an 
agreement that secondary ettringite will form without the presence of an external sulfate 
source. 
 
1.4 Research Objective 
Role of alkalis at ambient cure temperatures 
As mentioned above, the cement composition greatly influences the phenomenon 
of the ettringite formation as well as its reformation. Increased fuel costs and 
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tightened environmental regulations have led to increased levels of alkalis and sulfates in 
modern cements. The switch from wet to dry processes in order to conserve energy and 
the lack of low-alkali raw materials resulted in higher alkali levels (41 and 42). Since any 
attempt to remove the alkalis from the raw materials is not a cost-effective nor is a 
practical solution, the presence of alkalis in cements is inevitable. The ASTM 
specifications do not limit the alkali content of OPC where there is no potential for alkali-
aggregate reaction. The limit imposed by ASTM C-150 is 0.6% Na2Oe for potential ASR, 
however, the typical alkali content of Portland cements range from 0.3%-1.3% expressed 
as Na2Oe (42). In fact, since high alkalinity is favorably viewed to prevent the initiation 
of corrosion, high alkali-cements are being used as a measure to prevent corrosion. 
Recently, some DOT’s received requests from concrete suppliers to uses alkali-
containing aggregates due to the lack of better aggregates in those localities. 
 
Higher alkalis are believed to have a detrimental effect on the durability of Portland 
cement concrete. The effect of alkalis on cement hydration and mechanical properties of 
concrete has been studied by many authors. However, the effect on the expansion 
potential due to internal sulfate attack, which is believed to be impacted greatly by 
alkalis, has not been studied thoroughly. In recent years however, this topic received 
more attention. This is due to the emergence of delayed ettringite formation especially in 
heat-cured concrete elements. Most of the research conducted in this area considered the 
influence of alkalis on expansion of cementitious systems exposed to elevated 
temperatures. 
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The objective of this research is to study the effect of alkali content on the expansion 
potential of PC systems. While these compounds are not deliberately added to the 
cements, they may be present in the raw materials used in the manufacture of cement; 
namely, clays and limestone.  
 
1.4.1 Research Significance 
 As mentioned above, the alkalis greatly influence the properties of the Portland 
cement concretes. This study thoroughly investigates the influence of the addition of 
alkalis on the expansion potential of cements due to internal sulfate attack (DEF) at 
ambient temperature-cure. This study also addresses the exact influence of sulfates on 
expansion potential and verify the role of ettringite in expansion. 
From the data collected with analytical techniques used, more complete answers to the 
following questions will be addressed: 
1. What is the influence of alkalis on expansion potential due to internal 
sulfate attack. 
2. What is the influence of sulfates on the expansion potential. 
3. What is the effect of cement mineralogical composition on expansion 
potential and strength of concrete and strength. 
4. What is the role of ettringite as related to expansion. 
 
1.5 Outline of Dissertation 
 Chapter 2 presents a literature review of the studies performed on the effect of 
sulfates and alkalis at ambient temperature cure. 
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Chapter 3 presents the  methods and procedures used in the experiments. Chapter 4 
presents the materials used in this study and also details the experimental plan and the 
philosophy adopted to achieve the objective. Chapters 5 through 8 present the results of 
the experiments described in chapter 4 and include a detailed analysis of all the data 
collected. Chapter 9 discusses the results presented here and considers possible 
mechanisms for the effect of the alkalis on concrete durability. Chapter 10 concludes the 
main findings of this research. 
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CHAPTER 2 
 
LITERATURE REVIEW 
 In chapter 1, it was mentioned that the expansion potential due to internal sulfate 
attack (ISA) exists. Collepardi (3) seems to believe that this phenomenon is possible 
under normal curing conditions in concretes that have not been subjected to heat 
treatment. The factors that affect the expansion potential were also listed. In this chapter 
we will examine what has been reported in the literature. Although the main focus of this 
study is the effect of alkalis, it is prudent to study its effect in terms of additional 
cementitious parameters because of the effects of the latter on the former. It is believed 
that one of the shortcomings of the previous studies is not thoroughly studying the alkali 
effect in those terms. Parameters that are believed to be of significance are: SO3 content, 
C3A content, and C3S content. 
 
2.1 Role of SO3
 Collepardi (3) seems to believe that the late- release of sulfates is possible in 
concretes that were not subjected to heat-cure. This could be due to the use of sulfate-rich 
fuels in the kilns in recent years, this has results in higher sulfate content in modern 
clinker. G. Hime and others (8,89,33) stated that DEF due to ISA is possible due to the 
presence of slowly-soluble sulfate phases in modern clinkers. This hypothesis was 
rejected by several authors (10, 13, 14, 36, 85, 92, and 93).  
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W.G. Hime (33) stated that in clinkers with high SO3 levels, that are not balanced by high 
alkalis, sulfates do not occur as alkali sulfates. This may result in sulfates encapsulated in 
silicate phases, or possibly as insoluble anhydrite. These forms of sulfates may become 
available later resulting in DEF.  M.D.A Thomas (11) indicated that the latter explanation 
is unlikely, and even if insoluble phases existed, they will be balanced by release of 
alumina, resulting in the formation of monosulfate rather than ettringite. 
 
Stark and Bollmann (1) stated that there is no clear connection between normal sulfate 
levels in Portland cements and the expansion of concrete, the occurrence of damage, or 
the degree of damage. 
 
Diamond (24) supported the idea of DEF due to ISA under ambient conditions. The 
explanation proposed in this work indicates that DEF and ISA are due to higher sulfate 
contents in modern cements (up to 4-5%) because of the higher clinker sulfate content 
(up to 3%).  
 
The work of Lawrence (20) and Kelham (38) showed no significant expansion to occur 
when mortars were cured at ambient temperatures, even with SO3 content as high as 4-
4.5%. In Kelham’s work, the cement had 0.61% alkali equivalent, 65% C3S and 11.8% 
C3A. In Lawrence’s work, the cement had 0.99% alkali equivalent, 51% C3S and 5.2% 
C3A. The cement composition was assessed using Bogue method in both studies. The 
work of Heinz and Ludwig (16) showed no significant expansion to occur in mortar bars  
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when curing temperature is kept below 70 ºC, even with high sulfate content. This study 
did not provide details about the composition of these cements. 
 
Day (51) stated that there is no evidence that DEF is the principal cause of damage in 
non-heat-treated concrete. However, in the same literature review, the work of Al-Rawi 
showed an increase in the expansion with an increase in the SO3 content of the cement 
that was added as gypsum. The expansion was 0.7% at 23 weeks at the 7.5% SO3 level, 
and about 0.14% at 5.7% level. The two cements used in this study had 62 and 63% C3S 
and 12 and 13% C3A contents, alkali levels were moderate (0.48%). The cement 
composition was assessed using Bogue method. 
 
The work of Odler and Gasser (84) showed an increase in the expansion with the increase 
of sulfate content (added as gypsum), the alkali content of the cements ranged form 0.67 
to 0.8% alkali equivalent. 
 
Duncan Hertford et. al. (85) reported no significant expansion to occur in mortars made 
from cements with SO3 content as high as 6.5% when cured and stored at 20 C, even after 
2 years, the expansion was almost nonexistent. In their work, the C3A content was about 
6-8%, alkali was less than 0.6%. The author did not show a correlation between the 
expansion and the sulfate contents. 
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Stark and Seyfarth (34) reported almost no expansion in mortar samples cured at 20º C 
after almost 2 years with SO3 contents of 3.3% and 3.9%.  C3A content was 8.6% 
however. 
 
K.M Alexander et. al. (87) reported very low expansion to occur when the SO3 content 
was increased to 4%. Most of the expansion occurred in the first 7 days, with the highest 
value being less than 0.02%, however, the expansion increased with increasing sulfate 
content. This work was done on cements with moderate C3S (54-59%) and C3A (5-7%) 
content, the alkali contents ranged from 0.57-0.75% as alkali equivalent. 
 
Chengsheng Ouyang (88) showed an increase in the expansion with sulfate content. In 
this work sulfates were increased using phosphogypsym. The expansion also increased as 
the C3A (Bogue) content was increased. For example, at SO3 content of 7.1%, the 
expansion was less than 0.1% at 10 months for the cement with C3A content of 4.3%, 
while it was more than 0.6% at 3 months for the cement with C3A of 12% content. The 
C3S content was 63.3% for the first case and 59% for the second case. 
 
Taylor (89) seems to believe that there is no danger of DEF in modern cements unless the 
SO3 content exceeds 5-6%.  It is believed that his finding needs to be redefined or 
specific to the mineralogical composition and alkali content of the cements. 
 
There is no doubt that SO3 impacts the expansion potential due to ISA. The question is 
the exact role of the SO3 content and how it is impacted by other parameters. SO3 is 
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definitely needed for the formation of ettringite, however, there is a competition for 
sulfate ions between C3A and C-S-H gel (31). These two reactions are also affected by 
the alkali content of cements. Based on these facts, the effect of SO3 has to be studied 
with respect to those phases. What the preceding studies are lacking is the isolation of the 
effect of each variable, one at a time. It is true that some of the studies mentioned above 
varied the C3A content, or even compared two cements with different C3S contents, 
however, it is not enough to draw reliable conclusions. There is also a lack of focus on 
the role of alkalis; the variations in alkali content were not enough or did not entail wide 
cement composition to allow for reliable conclusions. 
  
2.2 Role of C3A 
Odler and Gasser (84) showed that the expansion due to the increase in sulfates 
decreased by decreasing the amount of C3A and increasing the C4AF content. Their 
conclusion was ettringite formed in cements with high iron contents had different 
morphology. Chengsheng Ouyang (88) showed that expansion due to internal sulfate 
attack increased with increase in C3A content at the same SO3 level. Lerch (43) stated 
that cements with higher C3A require higher amounts of gypsum for proper setting. 
Taylor (15) seems to believe that there is no danger of DEF at ambient temperature cures 
in modern cements unless the SO3 content exceeds 5-6%. He also added that the high safe 
limit increases with an increase in C3A content.  This is not exclusively true, since as 
mentioned earlier, these factors are influenced by the cement composition and alkali 
content. 
 
 
20
D. L. Kantro (90) showed increased expansion when the C3A content increased. The SO3 
content used was based on 7.59% gypsum. The expansion increased when C3A content 
was increased form 2% to 13%. The C3S content was held at 60%.  
 
The primary concern of C3A content is its availability to participate in the formation of 
ettringite, which could be expansive. The C3A content has several implications; the most 
obvious one is the increase in the sulfate requirement for proper setting. So, it has to be 
remembered  that this could result in a potential problem later, depending on the amounts 
of sulfates and aluminates that will be available for ettringite formation into the 
hardening stage. Since the formation of ettringite requires both sulfates and aluminates, it 
is expected that, and for the same SO3 content, expansion will decrease if there is an 
increase in C3A content. This will be entirely true if all the aluminates and sulfates were 
available for reaction and formation of ettringite in the plastic stage, and whatever 
ettringite forms during this stage will remain stable. Unfortunately this is not the case. 
First of all, not all the aluminates and sulfates will be released during  the early stages of 
hydration and become available for ettringite formation. Add to that the effect of other 
parameters. For example, it was mentioned that C-S-H gel competes for sulfate ions with 
C3A. These sulfate ions could be released at later ages and may participate in the 
formation of expansive ettringite. Also, the presence of alkalis affects the rate of C3A 
hydration, and  is known to increase the affinity of C-S-H gel for sulfate ions (31). So, in 
studying the role of C3A on the expansion due to ISA, it is important to study the effect 
of C3S content, SO3 content as well as alkali content of the cement.  
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2.3 Role of C3S 
It was reported in the literature (31) that C-S-H gel competes for SO4-2 ions with 
C3A . It was also reported that C-S-H gel incorporates sulfate ions in its structure (5, 7). 
The impact of the adsorbed sulfate on the nature of the gel is unclear (5). These ions may 
be released later to form late ettringite (7). This was shown by the work of L. Divet et. al.  
(16). The uptake of sulfate ions by C-S-H gel is impacted by several parameters, the most 
investigated parameter in the literature being the curing temperature. The increase in 
curing temperature resulted in an increase of the sulfate ions adsorbed by the C-S-H gel 
(5). The desorption rate was slower as the curing temperature increased. The adsorption 
also  increased with an increase in the alkali content (17) at all curing temperatures. The 
desorption rate was slower than the adsorption rate; actually, the desorption rate was half 
that of the adsorption. The effect of alkali was not shown since this was only done for one 
alkali content. 
 
Since the C-S-H gel competes with C3A for sulfate ions, higher C3S means more sulfates 
are adsorbed, since there will be more C-S-H gel formed. Higher C3A may imply less 
sulfate will be adsorbed by the C-S-H gel; however, this will depend on the alkali content 
which impacts both the rate of C3A hydration and the stability of the 
calciumsulfoaluminate phases formed. It will also depend on the  SO3 content.  
 
There have not been any direct studies as to the exact role of C3S on ISA at ambient 
temperature. Any study would have to addressed IAS in terms of the other parameters 
mentioned above to allow for meaningful conclusions. 
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2.4 Role of Alkalis 
The effect of alkalis on ISA phenomenon are direct and indirect. First, they affect 
the stability of ettringite, whether it will form or not and its morphology. Second, alkalis 
affect the hydration process as well as the microstructure and the quality of the formed C-
S-H gel.   
 
 2.4.1 Effect of Alkalis on Ettringite Formation 
Mehta (4) stated that the presence of calcium hydroxide in the solution affects the 
mode of ettringite formation and its morphology as to whether it forms as fine or coarse 
crystals. These two different types of ettringite behave differently, with the finer 
morphology  (in presence of calcium hydroxide) being expansive and the coarser (formed 
in its absence) is not. Famy (5) stated that the difference is due to the higher pH resulting 
from the presence of calcium hydroxide. Min and Mingshu (6) stated that the 
concentration of the hydroxyl ions is what determines the mode of ettringite formation. 
So, based on this,  high pH values due to higher alkali content of the solution will result 
in the expansive type of ettringite. 
 
Stark and Bollmann (1) presented a summary of what has been reported in the literature 
about the stability domain of ettringite. The domain covered a wide range of pH. It 
seems, however, that the reason for this wide range is the dependence of this 
phenomenon on other factors, such as cement composition (SO3 and C3S). 
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This indicates that even at high pH values, if there is enough supply of sulfate ions, 
ettringite may form. So, we cannot just consider the pH of the solutions without other 
factors, such as sulfate content. 
 
The formation of ettringite and its stability depend on several factors. These are the 
sulfate content and the availability of the sulfate ions, the pH of the solution, the 
availability of calcium hydroxide. The higher alkali content increases the availability of 
the sulfate ions in solution, but that does not mean that ettringite will form, it will depend 
on the solubility limits of ettringite. It also depends on the amount of sulfates that are 
being adsorbed by the C-S-H gel as mentioned earlier (17). The C3S content is a definite 
concern. The calcium hydroxide solubility is decreased, but there is always enough 
supply of the calcium hydroxide in the hydration of Portland cement solution.  Based on 
these facts, it is necessary to study the stability of ettringite in these terms. The 
controversy in the previous study stems from the lack of the systematic approach. It has 
to be mentioned that some of the studies mentioned above were carried out on pure 
phases which makes it difficult to draw the same conclusions for the Portland cement 
systems. 
 
 2.4.2 Effect of Alkali on Hydration Process and Mechanical Properties 
  2.4.2.1 Effect of Alkalis on the Hydration of Clinker Phases 
  Lerch (43) reported the necessity to increase the amount of sulfate needed 
to control the setting of cement with high alkali content. This means the reactivity of C3A 
is altered. A similar result was reported by Sprung and Rechenberg (44); they 
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indicated an increase in the rate of hydration of C3A. B. Osbaeck (60) also reported an 
increase of the reactivity of C3A and C3S with the increase in the total alkali content of 
cement. Odler and Wonneman (45) reported an increase of the reactivity of C3A when the 
clinker was doped with K2O, but not when doped with Na2O, the hydration of C3S was 
not altered. They also reported (46) that adding the alkalis as sulfates did not affect the 
hydration of either phase. Johansen (47) also reported an increased rate of hydration 
when adding alkalis (mainly in the form of sulfates). Way and Shayan (48) reported an 
increase in the gel production with increase in alkali content; the increase was achieved 
through the addition of NaOH to the mixing water. Juenger and Jennings (49) reported 
that the addition of NaOH to the mixing water increases the initial hydration of Portland 
cement and retards that after the first day. Similar findings were reported by Bentz (50). 
 
Mori, according to ref. (42) reported an acceleration of C3S hydration in NaOH solution 
compared to pure water. Similar findings were reported by other researchers (42). The 
reports as to the effect of alkalis on ferrite and belite phases are scarce. 
 
Generally, the evidence points out to the increase of initial hydration. However, it is 
possible that the nature of the reaction products is impacted rather than just the reaction 
rate itself; also, the role of alkalis on the hydration process greatly depends on the sulfate 
levels in cement. In all the studies done so far, there was no systematic way of 
investigating the interrelation of the alkalis and sulfates. The results on the effect of the 
source of alkalis (sulfates vs. hydroxide) were not consistent as well. Some studies 
(45,46) reported an increase in the rate of hydration when alkalis were increased as  
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hydroxides but not as sulfates, while another study (47) showed an increase in the rate of 
hydration when the alkalis were increased using alkali sulfates. 
 
  2.4.2.2 Effect of Alkalis on Ions Availability in Solution 
  It is evident from the literature that the solubility of calcium hydroxide 
decreases with the increase of the concentration of alkali hydroxide. The effect of alkali 
sulfates on the solubility of lime is more complicated and depends on the concentration of 
each phase and the type of alkalis. This result was reported by Sprung and Rechenberg 
(44). Ghorab et al (77) reported an increase in the solubility of gypsum with the increase 
in NaOH concentration as well; this means higher sulfate availability in solution. The 
solubility of silica is known to increase with the increase in alkalinity and the respective 
pH value (52, 66). The high alkalinity in this case was due to the addition of NaOH to the 
mixing water. Alkali sulfates did not show the same effect (55). 
 
  2.4.2.3 Effect of Alkalis on Mechanical Properties and the   
   Microstructure 
 
  Up to this point, it is very clear from the literature that alkalis impact the 
hydration and kinetics of hydration of Portland cements. This effect also extends to the 
nature of the hydration products formed, especially the C-S-H gel. The results reported in 
the literature are either incomplete or somewhat contradicting. That is, the dependence of 
the hydration process on many factors, especially sulfate content, and the dependence of 
this on alkali content as well as the cement composition appear not to be clearly 
considered .This makes it hard to really generalize a role for alkalis.  
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Inam Jawed and Jan Skalny (42) conducted a thorough literature review on the influence 
of the alkali on the properties of concrete. Generally, most of the literature reported that 
higher alkali content, present in the form of hydroxide or sulfate, result in quick setting. 
The alkali hydroxide favors the formation of crystalline monophase around the C3A 
grains, and the sulfate, mostly in the form of potassium, leads to the precipitation of 
syngenite. These effects are strongly dependent on the content of these ions. For strength 
development, most of the evidence pointed to an increase in the early strength and a 
decrease in the 28-day strength. This is due to lowering of the gel in the presence of 
alkalis compared to that of calcium which enhances the gelatinous properties of the 
hydrates. Other researchers, however, showed a positive effect on strength development 
according to ref. (42).  
 
Alexander and Davis (53) showed a 56% decrease in 28-day strength in cement pastes 
when increasing alkali content from 0.15 to 2.8% (as Na2Oe). The increase was done 
through the addition of alkali hydroxides. The authors indicated that the decrease 
occurred regardless of the type of the alkali cation (sodium or potassium). The study was 
done on five different cements. The C3S content of the cements varied form 31-51% 
(Bogue) and the C3A content varied from 4-14% (Bogue). There was no mention of the 
sulfate contents of these cements. The sulfate content is believed to impact the effect of 
the alkalis. There was no explanation for the reduction in the strength. 
 
Water J. McCoy and Ottomar L. Eshenour (54) reported that the alkali that is water-
soluble varies from 10% to above 60% of the total alkalis present in clinker. The 
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amount of total water-soluble alkali in cement has very little effect on the pH of the 
aqueous extract from cement pastes; this was done on w/c ratios of 0.5 at ½ hour 
hydration and w/c ratio of 2 at ½ hour and 24 hours hydration. The pH ranged from 12.3-
12.7 for cements with alkali contents ranging from .03%-1.19% Na2Oe. The authors also 
added that the alkali in clinker has a significant effect on the compressive strength 
development. The absence of alkalis resulted in an abnormally low early strength, and the 
presence of alkalis resulted in higher early strength (1-3 days) and lower strength at 28 
days. The study included several cases; in one case industrial cements with low and high 
water–soluble alkali contents. In another case, an industrial clinker was obtained and it 
was modified in the lab to remove alkalis. A third case, KOH was added to the no-alkali 
clinker. 
 
B. Osabaeck (55) reported that increasing the alkali content (through the addition of 
K2SO4) increased the early strength and decreased the late strength. The data reported 
showed an increase of the air content in the cases with higher alkali content. It was 
concluded that the effect of the alkalis on late strength is caused by something happened 
during the early hydration and not governed by the conditions of the pore liquid at later 
ages. This study was done on one cement, the cement had C3S content  of 75% (Bogue) 
and C3A content of 4% (Bogue). No details were given about the hydration process or the 
hydration products.  
 
S. Sprung and W. Rechenberg (44) reported higher reactivity of C3A in higher alkali 
contents with higher pH values of the solution. If there is a lack of gypsum, 
 
28
mainly aluminate hydrates form which cause rapid setting; however, in presence of high 
sulfate supply, large amounts of ettringite form which causes rapid setting. The authors 
also added that with higher amounts of alkalis in clinker, particularly alkali sulfates, 
lower calcium hydroxide concentration exist in solution, which in turn increases the rate 
of hydration of C3A prior to the dormant period which may lead to rapid setting. They 
also added that the composition of the solution in the early hydration, not only impacts 
the setting, but the strength development as well. This study did not investigate the effect 
of the alkali on the rate of hydration of C3S, which could impacts the setting behavior as 
well. 
 
V. Johansen (47) indicated that the switch from wet to dry processes resulted in higher 
alkali content in the cement. Also, the use of cheap sulfur-rich fuels, led to higher SO3 
content in clinker. The author stated that this change has resulted in a 10% decrease in  
the 28-day strength. The author also reported that an increase in K2SO4 results in 28- day 
strength decrease, although there was an increase in the early strength (1 and 3 days). The 
decrease occurred regardless of the source of alkali sulfates, whether coming from the 
clinker or externally added. The author attributed this decrease in strength to something 
happening in the early hydration stages. It was shown that the 28-day strength correlated 
negatively with amount of combined water after 3 minutes of hydration (chemically-
bound water). This implies that this has something to do with early hydration of the C3S 
and the nucleation of the gel early on. This study did not provide more details about the 
hydration process, however. 
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Bhatty and Greening (56) reported that C-S-H gels with low C/S ratio retain more alkalis 
than high C/S hydrates when these hydrates come in contact with alkali solutions of 
various concentrations. The authors mentioned that this change, depending on the alkali 
concentration of the solution as well as the type of alkali cation,  will change the nature of 
the C-S-H formed as indicated by XRD pattern. This change was attributed to a change in 
the crystal structure. The study did not mention the physical implications of this change. 
This work was done on pure C3S and C2S hydrates and the focus of the study was on the 
effect of increased alkalis on the alkali-aggregate reaction. 
 
Way and Shayan (48) reported an increase in the rate of the production of cement gel and 
CH when increasing the concentration of sodium hydroxide in mixing water from 0 to 
1M. At a concentration of 2M and higher, the formation of aluminosulfates was retarded 
and sodium-substituted monosulfate formed instead of ettringite. It was also noted that 
the formation of a sodium-containing C-S-H gel at these higher concentration occurred. 
This study did not provide firm analytical data to support the increase in the rate of gel 
production. Also, the study was only done on one cement which makes it not suitable to 
infer a role for the cement composition or the sulfate content. The cement used in the 
study had 52.7% C3S and 5.9% C3A (Bogue) and 3.3% SO3. 
 
Jelenic et al (57), studied the effect of gypsum on the strength development of two 
different cements differing only in the alkali content. The cements used in the study had a 
high alite content, approximately 70% (XRD), the C3A content was about 8-10% (XRD), 
the alkali contents were 0.16 and 1.06%.  The study showed an optimum sulfate 
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content for strength gain for each of the cements. The optimum was higher for the low 
alkali cement at the same age, the optimum for the high-alkali cement shifted to a higher 
value with age. The maximum strength was higher for the low alkali cement up to 47 
days. However, at 90 days the difference in the strength was not noticeable. This was 
explained by the reaction of the adsorbed sulfate to form sulfoaluminate phases and the 
redistribution of the sulfate in the gel. Higher strength was attributed to  better quality gel 
and in turn higher strength according to the authors. The authors did not present any 
evidence to support this statement. Also, there was no mention of the expansion behavior. 
This study indicates the effect of alkalis and sulfates on the hydration process and 
strength gain. The alite hydration was slightly higher for the low alkali cement at all 
sulfate contents (1-5%) up to 47 days. However, this could not explain the difference in 
compressive strength.  The study lacks more data such as the expansion behavior and the 
quantification of the C-S-H gel, which may have helped explain the difference in the 
strength. The study makes it hard to draw a conclusion on the effect of cement 
composition since it was done on the same alite and C3A contents. 
 
J. Gebauer and M. Kristman (58) reported an increased reactivity in higher alkali 
clinkers. These alkalis were mainly sulfate alkalis. The early hydration rate increased 
with increase in alkali-sulfate content of the clinker. Mortar early compressive strength 
(2d) increased while the 28d strength decreased. There was no effect on the 28d flexural 
strength. There was also no clear influence on the 28d compressive strength in concrete.  
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In conclusion, it is not easy to generalize a specific trend from the presented data due to a 
number of influencing factors; that is,  cement composition, fineness, sulfate content, etc. 
 
B. Osbaeck et al (59) reported a negative effect of the total and soluble alkali content on 
the 28 day strength. This influence depended, as expected, on the total SO3 content. The 
study showed an increase in the rate of hydration of certain phases (C3S, C3A, and C4AF) 
at early ages. This was not necessarily responsible for the increased strength. However, 
the general conclusion reflected on the nature of the hydration products. No specific 
details were given about the hydration products. 
 
B. Osbaeck (60) reported an increase in the early age strength and a decrease in the 28-
day strength when soluble alkali content was increased through doping with potassium 
sulfates. Doping levels were 0.5% and 1.0% K2O. It was indicated that the increase in 
early strength might diminish if a constant slump is maintained through increasing w/c 
ratio, as the addition of alkalis increased the water demand. 
 
I. Odler and R. Wonnemann (45) conducted a study on the influence of the alkalis added 
to the raw feed of clinker preparation. They prepared two different clinkers through the 
addition of Na2O and K2O. In both cases, the alkalis were incorporated preferentially into 
the lattice structure of C3A modifying it from cubic to orthorhombic. It was reported that 
the hydration of C3A was accelerated in the potassium-doped clinker and slowed down in 
sodium-doped one. The hydration of C3S was not altered.  The strength development was  
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not affected by the presence of alkalis, yet the setting time was moderately extended in 
the sodium case and shortened in the potassium case. 
 
I. Odler and R. Wonnemann (46) conducted a study on the influence of the alkalis added 
to the clinker as sulfates of sodium and potassium (the doping levels were 0.72% Na2O as 
Na2SO4, 1.26% Na2O as Na2SO4, 0.88% K2O as K2SO4, and 1.48% K2O as K2SO4). It 
was reported that these additions did not significantly alter the hydration process of either 
C3S or C3A. The setting time was shortened in both cases, but significantly in the case of 
potassium sulfates. This was attributed to the formation of syngenite, but there was no 
explanation for the case of the sodium sulfate doping. The compressive strength 
decreased in both cases at all hydration ages. Though the cause of this decrease was not 
obvious, it was postulated  that changes in the structure and intrinsic properties of the 
hydrates was the reason. This occurred due to changes in the liquid phase caused by 
dissolution of the alkali sulfates. These two studies (45 and 46) were conducted on one 
laboratory-prepared clinker having the following mineralogical composition: C3S=70%, 
C2S=10%, C3A=10%, C4AF=10% (based on Bogue). The SO3 content for the control 
case was maintained at 3.0% using interground gypsum , and the Blaine fineness was 300 
m2/kg. This was a good detailed study, however, it was only done on one clinker with one 
sulfate content. No role for the cement composition could be drawn from these results. 
The  XRD analysis mentioned lacks more details as far as the methods used in the 
analysis. 
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K. Suzuki et al (61) reported a lower Ca/Si mole ratio for C-S-H in systems of Ca-SiO2-
NaCl-NaOH. The authors suggested an adsorption of Na ions by the C-S-H gel. This 
results in a lower exothermal temperature in the DTA curve. After dispersion with water, 
this temperature rises to the same value obtained by the pure C-S-H gel. This study was 
done on pure compounds. 
 
N. Smaoui et al (62) reported a reduction in mechanical properties of concrete 
(compressive strength, splitting, direct tensile, and flexure, but not modulus of elasticity) 
by increasing the Na2Oe from 0.6% to 1.25% through the addition of NaOH. The authors 
attributed that to a more reticular porous cement paste as observed under SEM, even 
though there was no reported difference in the hydration products in both cases. Both 
cases resisted freeze/thaw well. It was also concluded that the additional alkalis did not 
modify the air-void system.  The following values were calculated for the cement 
composition based on the chemical oxide analysis provided in the study: 55.5% C3S, 
7.3% C3A,  C3A (based on Bogue calculations). The SO3 content was 2.94%. There was 
no mention of the Blaine fineness value. The study did not provide any details about the 
hydration products other than the SEM results. The study was also done on one case 
where there was no variation of the cement composition. Again, it is believed that the 
effect of alkalis on cements is influenced by the cement mineralogical composition.   
 
Vivian (63) conducted a flexure test on mortars made from reactive and non-reactive 
aggregates and increased the alkali content of the cement through the addition of NaOH. 
The alkali levels (Na2Oe) were 0.59%, 0.98%, 2.14%, and 4.08%. The author did 
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not observe any reduction in the tensile strength of the mortars containing non-reactive 
aggregates, except in the case of 4.08% Na2Oe. This is an unrealistic amount, and also the 
w/c ratio was higher than the other cases, which according to (62) could explain the 
decrease in strength. The intention of this study was to show the effect of reactive 
aggregates, however, there was no details about the cement composition in this report.  
 
Shayan and Ivanusec (64) conducted a study on the influence of alkalis through the 
addition of NaOH in the mixing water. The alkali levels ranged from 0.8 to 10.5% Na2Oe. 
An increase in expansion with alkali level was observed. The study also noted a delayed 
formation of ettringite and enhanced formation of calcium hydroxide. However, as the 
alkali level was increased (2 and 4.5 M NaOH), neither ettringite nor monosulfate were 
formed; rather, the formation of a new phase (sodium-substituted monosulfate, referred to 
as U-Phase) and a crystalline form of C-S-H gel was observed. There was also a decrease 
in the compressive strength as well as the modulus of rupture with an increase in alkali 
level. It was  attributed to the formation of the new phase and to the substitution of 
sodium in the C-S-H gel structure, a (Na2O/SiO2) ratio of 0.17 was reported. It was also 
observed, under SEM, that high-alkali cement pastes had a less dense microstructure  as 
opposed to low-alkali cement pastes. This would possibly contribute to loss of strength. 
The study did not provide the cement mineralogical composition, nor the sulfate content 
which may have influenced the effect of the alkalis on strength and expansion. The XRD 
analysis did not provide any quantitative data on the hydration process and the 
amorphous content.  
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M.P. Luxan et al (65) conducted a study on the potential expansion of Portland cement 
with the addition of alkali salts (Na2CO3 or K2SO4). Aside from the expansion results, it 
was found that the addition of these alkali salts at 1, 2, and 3 % by weight reduced the 
expansion of Portland cement mortars. The authors found that the addition of the sodium 
carbonate altered the hydration reaction by causing abnormal setting (false or quick set). 
This problem was corrected by the additions of natural pozzolans. For the potassium 
sulfate, it was  reported that the addition of 1, 2 or 3% did not cause abnormal setting; 
however, it did accelerate the setting of cements. The addition of <1% of this salt delayed 
both initial and final set. The addition of this salt caused a decrease in compressive 
strength at early and late ages; this reduction was attributed to modification of the 
hydration of clinker minerals due to the presence of the alkalis in the liquid phase. 
 
Maria C. G. Juenger and Hamlin M. Jennings (49) reported that increasing the alkali 
content  through the addition of NaOH (1M) accelerated the initial hydration; however, 
after the first day the high alkalinity retarded the hydration process. The total surface area 
obtained from nitrogen absorption decreased; this was attributed to the decrease of the gel 
pores of the radii of 1-4 nm. It was also noted that the presence of NaOH led to the 
preferential formation of denser C-S-H gel, which resulted in heterogeneous structure. A 
slower rate of drying shrinkage was also observed. The authors offered the following 
explanation: since NaOH-containing samples had heterogeneous structure, localized 
stresses caused larger cracks. These cracks helped reduce the measured shrinkage. Also 
the samples continued to shrink without water loss, suggesting that this is due to 
microstructural rearrangement. The total alkali content for this study was 1.2% as 
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Na2Oe. The study was done on one cement which had 54% C3S and 10% C3A (Bogue). 
The SO3 content was 2.84%, and the Blaine Fineness was 368 m2/kg. This cement was 
used for all the results reported in the study except for the heat of hydration data which 
was done on a similar cement having a C3S content of 64%, and C3A content of 8% 
(Bogue). Although the cements are similar,  the higher C3S content may impact the 
results of this test. There was no variation in the cement mineralogical composition or the 
sulfate content which may impact the effect of the alkali on the properties studied.  
 
Dale P. Bentz (50) reported that the increased alkali content (using both sodium and 
potassium sulfates and hydroxides) of cement paste increased the early age hydration and 
retarded the hydration at later ages. It was also concluded that the presence of alkalis 
results in depercolated capillary pores. The author attributed that to the nature of the gel 
formed, being plate lath–like with higher crystallinty rather than random. This 
morphology might result in slower diffusion rate and slower hydration at later ages. The 
depercolation may be advantageous since it results in less freezable water in the pores. 
 
Considering the studies presented above, it can be seen that there is a lack of systematic 
approach. The effect of alkalis strongly depends on sulfates; therefore one cannot isolate 
the effect of the alkalis alone on the properties of concrete without addressing the levels 
of sulfate studied. This is believed to be one of the major reasons for conflicting findings 
in the literature. Additionally, cement composition and the mineralogical phase content 
need to be considered when addressing the role of alkali content on concrete durability. 
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 2.4.3 Effect of Alkalis on Expansion Potential 
 A. Shayan and I. Ivanusec (64) reported an increase in the expansion of mortar 
bars using sodium hydroxide doping. The expansion was reported to be approximately 
0.04% at 12 weeks at 3.8% Na2Oe. This study did not provide details about the cement 
composition or the sulfate content. 
 
M.P. Luxan et al (65) reported that incorporation of alkali carbonate and sulfate salts 
(Na2CO3 1 and 2% by weight; K2SO4 1.2 and 3% by weight) reduced the expansion of 
Portland cement mortars, mainly when C3A content is low (<5%). It was concluded that 
there is an optimum concentration for the alkali salt for each cement. Again, this study 
did not provide any details about the hydration products, or any details on the Na2Oe 
levels. 
 
Vivian (63) showed no significant expansion to occur when the alkali content of the 
cement was increased to 4.08% using NaOH in the mixing water. The study was done on 
mortar prisms (1 in x 1in x 10 in). The expansion did not exceed .007% at 196 days. The 
study did not show any details about cement composition.  
 
As can be seen from this review, the findings in the literature about the exact effect of the 
alkalis on the progress of hydration and the expansion behavior is complicated and needs 
further investigation. 
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This research was initiated in order to address the role of alkali content on concrete 
durability. In order to address this objective in a thorough and systematic way, several 
cements with variable mineralogical and chemical composition were selected. The 
following chapters will present experimental techniques, methodology, results, discussion 
and conclusions. 
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CHAPTER 3 
EXPERIMENTAL METHODS AND PROCEDURE 
3.1 Pure Clinker Minerals 
 Pure clinker minerals, monoclinic C3S (Alite), C2S (Belite), cubic and 
orthorhombic C3A, C4AF, MgO were obtained from Construction Technology 
Laboratory (CTL) of Skokie, Illinois. These pure phases were used in the preparation of 
the calibration curves for the mineralogical phase quantification of Portland cements used 
in this study. These phases had particles finer than 45 micron. TiO2 (rutile) powder was 
obtained from Aldrich Chemical Company; it has a particle size smaller than 5 microns 
with 99.9% purity 
 
3.2 X-Ray Diffraction (XRD)  
 All XRD scans were collected using the following settings, unless otherwise 
noted. The diffractometer is Phillips X’Pert PW3040 Pro with Cu Kα radiation. The 
samples were scanned from 2θ of 5 to 60º. Step size was 0.02º, counting time is 4 
seconds per step. The tension was set at 45 kV and the current at 40 mA. Divergence slit 
was fixed at 1º, receiving slit was set at 0.2 mm and the anti-scatter slit was fixed at 1º. 
The diffractometer was periodically aligned using a silicon wafer standard supplied by 
the machine manufacturer. 
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3.3 Scanning Electron Microscopy (SEM) 
 SEM, and sometimes coupled with EDS, was used to study the morphological 
changes in the chemistry of the cement hydration products. The instrument used was a 
Hitachi S-350N variable pressure scanning electron microscope. Energy Dispersive 
Spectrometry (EDS) was performed in a spot mode using Princeton Gamma Tech prism 
light element detector. The software used to analyze EDS data was Princeton Gamma 
Tech IMIX. 
 
 3.3.1 Fractured Surfaces Preparation 
 At selected ages, a cross section of mortar or paste specimen was cut with a 
Buehler Isomet slow speed saw. The thickness of the cross section was approximately 5 
mm; one of the faces of the cross-section was a fractured surface exposing the 
morphology of the hydration products. The sample was submerged in acetone overnight 
to stop hydration and to dry the sample through displacing the water with acetone. The 
samples were then placed in desiccator under vacuum of 25 in. of Hg. 
 
The samples were then mounted onto the sample holder with double-stick tape and the 
sample was attached to the holder with copper tape. The samples were then placed in a 
Hummer 6.2 sputter coater with a vacuum pump. The samples were pumped down to 30 
millitorre to ensure total drying. The samples were then coated with a 40 nm of AuPd. 
The samples were then loaded into the SEM instrument for viewing. 
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 3.3.2 Polished Surfaces Preparation 
 A cross section of mortar or paste specimen was cut using a Buehler Isomet slow 
speed saw. The cross-section was then soaked in Ethanol for several days; this was done 
to help displace the water out of the pores. The samples were then placed in  a vacuum 
desiccator and vacuum-pumped for several days. The samples were then mounted in a 
epoxy resin, the epoxy used was Epotek 301, 2-part epoxy. The samples were placed in a 
vacuum desiccator to get rid of any air bubbles trapped in the epoxy. The samples were 
left to cure for 24 hours at room temperature. 
 
The samples were then demolded, the bottom face in the mold was cut using the a 
diamond blade. The samples were then polished at 320, 400 and 600 grit sand papers, to 
remove the saw marks. Then, the samples were polished on a Textmet cloth using 
diamond paste with the following sizes, 15 µm, 9 µm, 3  µm, 1 µm, and 0.25 µm, for 30 
seconds each (78), using diethyl glycol. The samples were then cleaned in an ultra-sound 
box.  
 
3.4 Cement Analysis 
 3.4.1 Blaine Fineness 
 Cement fineness was determined according to ASTM C-204-00 “Standard  
Test Method for Fineness of Hydraulic Cement by Air-Permeability Apparatus.” The 
Blaine air-permeability apparatus, obtained from Humboldt Manufacturing Company,  
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was calibrated prior to use with three separately prepared beds of standard cement SRM 
114 obtained from the National Institute of Standards and Technology (NIST). 
 
 3.4.2 Oxide Chemical Analysis 
 The oxide analysis was performed by an external laboratory, CTL of Skokie, 
Illinois. Cements were fused at 1000º C with Li2B4O7 and analyzed by x-ray fluorescence 
(XRF) in accordance with the precision and accuracy requirements of ASTM C-114-99 
“Standard Test Method for Chemical Analysis of Hydraulic Cement.”   
 
 3.4.3 Mineralogical Composition 
  3.4.3.1 Bogue Equations 
  ASTM C-150-00 “Standard Specification for Portland Cement” provides 
the guidelines for using the Bogue equations to determine the theoretical mineralogical 
cement composition; the equations are based on the chemical oxide composition.  
 
  3.4.3.2 Internal Standard Method (Calibration Curves) 
  This method involves the construction of calibration curves for the pure 
clinker phases mentioned above,   mixed with an internal standard, the internal standard 
used here was rutile (TiO2). Calibration curves for and orthorhombic C3A, C4AF, MgO  
were prepared according to ASTM C 1365-98 “Standard Test Method for Determination 
of the Proportion of Phases in Portland Cement and Portland-Cement Clinker Using X-
ray Powder Diffraction Analysis”. The XRD scans were collected according to section 
2.2. 
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The collected scans were analyzed using Profit software to determine the selected peak 
areas. The peak areas were used rather than peak heights since they provide more reliable 
data (70). The background was determined manually, and then the program automatically 
searched for the peaks. The user determined if all the peaks were identified; and 
necessary corrections were made. The peaks at 2θ of 24.3º for C4AF, at 27.4º and 36.1º 
for TiO2, and at 42.9º for MgO had to be corrected for the Kα-2 contribution by entering 
0.5 in the α1/α2 column for the appropriate peak. After that, the profile fitting command 
was executed, and the peak areas were calculated. The 27.4º for TiO2 was used in the 
construction of these curves. The peak at 2θ of 21.8º was used in the case of C3A, at 24.3º 
for C4AF and at 42.9º for MgO. The curves were checked against Standard Reference 
Materials (SRM) provided by NIST. These clinkers were SRM 2686, SRM 2687 and 
SRM 2688. The curves yielded good data except for the orthorhombic C3A, so the data 
for that curve was not used. The curves are shown in Figures 1, 2 and 3.  
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Figure 1: Calibration Curve for C3A 
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Figure 2: Calibration Curve for C4AF 
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Figure 3: Calibration Curve for MgO 
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The calibration curve for alite was prepared by grinding 10 g of C3S in a Norton ceramic 
Jar mill operated at 150 RPM. The jar had a volume of approximately 300 ml and was 
filled with 68 cylindrical beads. Alite was ground for 90 minutes. Five drops of ethylene 
glycol were added for lubrication to minimize the impact of the beads. After grinding, 2 
different mixtures were prepared. The total sample weight was 0.8533 g; the internal 
standard (TiO2) was 10% of the total mixture. The first mixture contained 0.7680 g of 
ground alite, and 0.0853 of internal standard. This sample containing 90% alite, and 10% 
TiO2 was called “100% sample”. The second mixture contained 0.384 g of alite, 0.384 g 
of CaF2 and 0.0853 g of TiO2. This sample was called the “50% sample”. Each sample 
was repeated 3 times. The samples were weighed out, placed in a glass vial and mixed for 
5 minutes to ensure that the standard is intimately mixed with the other materials. Two 
drops of cyclohexane were added to each sample before mixing to facilitate the 
process. After mixing, the mixture was placed in the sample holder and an XRD scan was 
collected per the procedure outlined in section 2.4. The scans were analyzed using the 
Profit software again as explained above. The area under the peak at 2θ of 30.1º for alite 
was divided by that at 36.1º for the TiO2. The ratio was plotted against the weight percent 
of alite. The curve is shown in Figure 4. Again, the accuracy of the curve prepared was 
checked against the SRM 2686, 2687 and 2688. 
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Figure 4: Calibration Curve for Alite 
 
After that, cement samples were prepared. Approximately 10 g of the as-received cement 
were ground in a Norton ceramic jar as described earlier. Cement was ground for 30 
minutes with ethylene glycol. The cement sample was collected carefully to prevent 
contamination and hydration, then stored in a vial in a dessicator. 0.768 g of the cement  
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and a 0.0853 g of TiO2 were weighed out (total sample weigh of 0.8533g), the mixture 
was mixed intimately, and cyclohexane was used to facilitate the process. XRD scans 
were collected and then analyzed using the Profit software. The ratios of the areas under 
the peaks to the area under the TiO2 peak were calculated. The factors derived from the 
calibration curves were used to determine the weight % of the phases of interest.  
 
  3.4.3.3 The Rietveld Method 
  The Rietveld method is a full-pattern fit method. The measured profile 
(XRD patterns) and a calculated profile are compared. By the variation of many 
parameters, the difference between the two profiles is minimized. In order to perform a 
Rietveld refinement, structure data for all phases present in the sample are needed. This is 
a classical Rietveld refinement. It requires crystal structure data base. Peak positions and 
intensities are calculated from crystal structures. Scale factors, cell and profile parameters 
(and more parameters) are varied to minimize the differences between observed data and 
the calculated profile. This  method is based on very complex mathematical algorithms. It 
requires a lot of accuracy and care in the preparation of the samples and collecting scan 
data. Due to the complexity of the method and the complications experienced in the 
material we are dealing with (cement and cement hydration products), this is considered 
as a backup method to the internal standard method. Despite all that, this method yielded 
very good results, and it was used for the analysis of the hydration products, as will be 
shown later in the text. A great deal of time and effort was spent in mastering this method 
of analysis, and the results were confirmed by independent operators when necessary. 
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Since the method relies on the crystal structure of the phases present, the crystal structure 
inserted in the program for analysis had to be as accurate as possible. One of the 
problems of analyzing cements is significant peak overlap (70). So, to overcome this 
problem two dissolution techniques were adopted. The procedure adopted was that 
detailed in references (70) and (71). The first dissolution method used salicylic acid and 
methanol to dissolve the silicate phases and free lime; the method is called SAM for 
short. The second method used solution of potassium hydroxide (KOH) and sucrose. This 
is used to dissolve the interstitial phases (aluminate and ferrite), and the method is called 
KOSH for short. More about the procedure followed in these techniques is presented in 
Appendix A. These dissolution methods  proved valuable in cement mineralogical  
analysis.  
 
After the extraction, XRD patterns were collected on the KOSH extract, the SAM extract, 
and the ground cement as a whole. Rietveld refinement was performed using HighScore 
Plus software.  
 
3.5 Chemical Analysis of Hydrating Cements 
 The chemical analysis of the hydrating cement solution was done as follows: for 
each doping case, the ingredients were mixed with water, at w/c ratio of 7:1. The mixture 
was continuously agitated for 7 days. The solution was extracted by centrifuging at 30 
minutes, 1 hours, 4 hours, 8 hours, 24 hours, 3 days, and 7 days. The solution was then 
analyzed using Perkin Elmer, Optima 2000 DV inductively coupled plasma – optical 
emission spectrometer. 
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3.6 Porosity Measurements (BET) and Degree of Hydration 
 The porosity measurements were performed using a NOVA series instrument by 
QUANTACHROME. The paste samples were taken out of the curing solution. The 
samples were then washed thoroughly with methanol to remove all the excess lime on the 
surface. The samples were ground to particle sizes in the range between 600 and 1180 µm 
(No. 30 and No. 16 sieve). The samples were then D-Dried. The D-drying apparatus was 
set-up according to Copeland and Hayes (80). It consisted of vacuum drying to the vapor 
pressure of water at the temperature of dry ice (5x10-4 torr). Particles smaller than 600 µm 
were used for loss on ignition testing to determine the degree of hydration (α) following 
the procedure adopted in the same reference.  
 
3.7 Mortar Preparation 
 3.7.1 Mortar Bars 
 Mortar bars were prepared, cured and stored in accordance with ASTM C305 and 
ASTM C1038. Some minor adaptations were made in the doped cases, in the cases where 
gypsum or potassium sulfates were used; these materials were mixed for 30 seconds in 
the mixing water prior to adding the cement. In the cases where KOH was used, it was 
dissolved in the mixing water. Length measurement were taken in accordance with 
ASTM 490-00a.  
 
 3.7.2 Mortar Cubes 
 Mortar cubes were mixed in accordance with ASTM C 305-99 “Standard Practice 
for Mechanical Mixing of Hydraulic Cement Pastes and Mortars of Plastic Consistency” 
and molded and tested according to ASTM C 109-99 “Standard Test Method for 
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Compressive Strength of Hydraulic Cement Mortars. Compressive strength was 
determined per ASTM C 109 using MTS 809 Axial/Torsional Test System. 
 
3.8 Paste Preparation  
 Cement mixing followed the procedures in ASTM C 305-99. Paste discs were 
prepared to use for the XRD work and SEM work, to eliminate the interference of the 
sand on mortar samples.  
 
Table 1: Mix Proportions for As-Received Cements (AR) 
 
 Bars Cubes Paste Discs 
Cement (g) 500 240 250 
Sand (g) 1375 2035 N/A 
Water (ml) 242 359 121 
w/c ratio 0.485 0.485 0.485 
 
3.9 Heat of Hydration 
 The heat of hydration was measured using an 8 channel calorimeter by TAM Air.  
 
TAM Air is an 8-channel isothermal heat conduction calorimeter for heat flow 
measurements in the milliwatt range. The operating temperature range is 5-60°C. All 
calorimetric channels are of twin type, consisting of a sample and a reference vessel, each 
with a volume of 20 ml. The thermostat uses circulating air and an advanced temperature 
regulating system to keep the temperature very stable within ± 0.02 K. The high accuracy 
and stability of the thermostat makes the calorimeter well suited for heat flow 
measurements over extended periods of time, e.g. weeks. A chemical or physical process 
may be exothermic (heat is evolved) or endothermic (heat is absorbed). Consequently 
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there is a change in temperature of the sample during reaction. The difference in 
temperature between the sample and the surroundings (that are kept constant) results in 
heat flow between the sample and the surroundings which is monitored continuously. 
Inbuilt calibration heaters are used for calibration of the calorimetric units. Pico LogTM 
which is a commercial software package, was used for data collection and analysis.  
Sample preparation 
Samples are usually prepared by external mixing – by hand or in a mixer - to achieve 
a homogeneous sample. Alternatively, the dry constituents of the cement sample can be 
loaded into a micro reaction system with stirring facilities, positioned in a channel of 
TAM Air. A known amount of water is then added by the use of a syringe and the sample 
is stirred inside the calorimeter in order to initiate the hydration process. As a result of the 
hydration process, heat is formed and the rate of heat production is continuously 
monitored as a function of time. We used the second method in order to be able to record 
the first peak, w/c ratio used was 0.485. 
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CHAPTER 4 
MATERIALS SELECTION AND EXPERIMENTAL PLAN 
4.1 Materials Used for Doping 
 Gypsum used to increase the sulfate content of cements, was Terra Alba grade 
conforming to ASTM C-563, obtained from USG, 125 South Franklin Street, Chicago, 
Illinois, 60606 . All other chemicals were ASC grade chemicals obtained from Fisher 
Scientific.  
 
4.2 Sand 
 All sand used in this study was obtained from the U.S. Silica Company, 701 
Boyce Memorial Drive, Ottawa, Illinois 61350. It is Graded sand conforming to ASTM C 
778-00.  
 
4.3 Cement Selection 
 As mentioned in chapter 1, the influence of the sulfate and alkalis content of 
cement on concrete durability is greatly influenced by the cement mineralogical 
composition and its fineness. Careful consideration was made in selecting the subject 
cements in order to be able to isolate the effect of each phase. Great effort was placed in 
obtaining and characterizing these cements. The methods of cement characterization were 
described in detail in Chapter 2. All cements had to have similar fineness, since it’s 
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almost impossible to manipulate this property in the lab, unlike other minerals where it 
could be doped if needed.  The results of the analysis are presented in Tables 2-6. 
 
Table 2: Blaine Fineness 
 
Cement  C E ERD07 MH3 MH4 
Blaine Fineness (m2/kg) 384 380 408 395 427 
 
 
 
Table 3: Oxide Chemical Composition of As-Received Cements (weight %) 
 
Analyte  C E ERD07 MH3 MH4 
SiO2 20.52 21.15 20.08 20.20 20.99 
Al2O3 4.92 4.78 4.98 4.02 4.92 
Fe2O3 3.70 3.76 2.22 2.78 2.24 
CaO 64.31 64.41 62.21 64.02 63.93 
MgO 1.71 0.95 3.65 2.47 2.14 
SO3 2.81 2.58 3.47 3.09 2.55 
Na2O <001 0.18 0.3 0.21 0.43 
K2O 0.41 0.34 1.12 1.10 0.67 
TiO2 0.27 0.33 0.21 0.22 0.21 
P2O5 0.03 0.07 0.2 0.15 0.16 
Mn2O3 0.04 0.03 0.1 0.06 0.04 
SrO 0.04 0.12 0.34 0.04 0.13 
Cr2O3 <0.01 <0.01 0.01 <.01 <.01 
ZnO <0.01 0.02 0.01 0.04 <.01 
L.O.I (950° C ) 1.08 1.15 0.66 1.40 1.36 
Total 99.83 99.84 99.57 99.79 99.77 
Alkalis as Na2O 0.27 0.4 1.03 0.93 0.87 
 
 
 
Table 4: Bogue Mineralogical Content 
 
Cement Compound 
(%) C E ERD07 MH3 MH4 
C3S 60 57 54 67 57 
C2S 14 18 17 7 17 
C3A 17 6 9 6 9 
C4AF 11 11 7 8 7 
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Table 5: Phase Composition of As-Received Cements Based on Calibration Curves 
 
Cement Compound 
(%) C E ERD07 MH3 MH4 
C3S 70 58 59 67 62 
C3A (Cubic) 3 4 9 3 2 
C4AF 17 10 5 8 6 
MgO 1 0 6 2 3 
 
 
 
Table 6: Phase Composition of As-Received Cements (Rietveld Method) 
 
Cement Compound (%) C E ERD07 MH3 MH4 
C3S 67 54 59 72 65 
β-C2S 15 25 15 12 14.5 
Cubic 2 4 9 2 2 C3A Ortho - - - - 8 
C4AF 14 13 4 9 3.3 
Gypsum (CaSO4.2H2O) - 2 - 0.3 1.0 
Bassanite (CaSO4.0.5H2O) 1.5 1.6 2.4 1.4 1.6 
Anhydrite (CaSO4) 1.3 - -  - 
Potassium Sodium Sulfate - - 1.6 0.7 - 
Syngenite    1.4 - 
Arcanite (K2SO4)     1.0 
MgO 0.6 - 4 1.0 1 
 
 
 
Since the Bogue method is only an approximation of the values of the phases present, the 
values obtained from the XRD analysis (Rietveld) will be considered in interpreting the 
data. 
From the above analysis results, the following can be concluded: 
1. Cement C is high in C3S, low in C3A and alkali contents. 
2. Cement E has a moderate C3S, low C3A and alkali contents. 
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3. Cement ERD07 has a moderate C3S, high C3A and alkali contents, high MgO 
content, and slightly higher SO3 content. 
4. Cement MH3 has a very high C3S content, high alkali content, and low C3A 
content. 
5. Cement MH4 is high in C3S, C3A and alkali contents. It has a low SO3 
content. 
 
4.4 Experimental Plan and Philosophy 
 As mentioned in chapter 1, there is a lack in studies dedicated to investigate the 
influence of  alkalis on the durability of concrete.  Since the influence of alkalis is 
dependent on sulfates as well, it is imperative to study both together in thorough and 
systematic fashion. 
 
First, the influence of the source of alkalis (that is sulfates versus hydroxide) had to be 
addressed. For this purpose, the following regime was employed in order to vary the 
alkali and sulfate content and form of the as-received cement (case AR). Three different 
doping regimes were adopted: 
 
1. Case KS: increasing the sulfate and alkali level using potassium sulfate 
(K2SO4). SO3 content was increased to 5% which brought Na2Oe content to 
2.32%. 
2. Case 5.0-AR: increasing sulfate level using gypsum (CaSO4.2H2O). SO3 
content was increased to 5%. 
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3. Case KH-CS: increasing sulfate level using gypsum (CaSO4.2H2O) and alkali 
level using potassium hydroxide (KOH). SO3 content was increased to 5% and 
Na2Oe content to 2.0 %. 
 
This experiment was done for cements C and E only. The results of this experiment 
would reveal the influence of the alkali source, but, since using potassium sulfate as a 
source of alkali will change both sulfate and alkali content at the same time; it will not be 
possible to isolate the effect of each parameter. So, it was decided to use potassium 
hydroxide (KOH) to vary the alkali content from this point on. 
 
The following summarizes the experimental plan for this study: 
1. Vary the alkali content (hydroxide) and study its effect. 
2. Vary the sulfate content (using gypsum) and study its effect. 
3. Study the combined effect of alkalis and sulfates. 
 
As mentioned earlier, the effect of ISA (DEF) manifests in volume changes, cracking,  
and eventual loss of strength. Experimental methods used in assessing each effect are 
listed in the following paragraphs:  
 
1. Volume changes: As a result of ettringite formation, rate of formation 
and particle morphology. Additionally, the nature of the matrix (C-S-H 
gel) can be a contributor. Experimental techniques used to assess these 
changes are. 
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a. Expansion of mortar bars (ASTM C-1038/C-305). 
b. XRD: to study the presence and the amount of ettringite as 
well as rate of formation. 
c. SEM: to study the nature of gel and morphology of 
ettringite. 
d. Porosity: gel porosity was studied using nitrogen 
absorption method. 
2. Loss of strength: Since the expansion potential will be exacerbated by 
a weaker gel, the strength must also be assessed. The following is used 
to assess the phenomenon: 
a. Mortar cubes (ASTM C-109): used to assess the 
compressive strength. 
b. SEM: to study the nature of  gel, using fractured sections. 
c. SEM: used to study the chemical make-up of gel using 
polished samples; this will give us an idea about the Ca/Si 
ratio as well as the presence of ionic substitution in the gel. 
3. Reaction kinetics:  
a.   Heat of hydration: used to study the timing and rate of 
hydration of cement phases. 
b. Cement solution chemistry: used to study the rate of 
dissolution of cement phases, and availability of certain 
ionic species in the solution and its depletion. 
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The above techniques were used in studying the following cases: 
1. As-received cements. This case was done for cements C, E, MH3, MH4 and 
ERD07. 
2. Cements doped with gypsum to study the influence of the sulfates on 
expansion, cements  C, E, MH3 and MH4 were doped to levels of 3.6% and 
5% by weight of cement.  Some cases for cement ERD07, especially at the 
3.6% level were not mixed. This is due to the shortage in this cement, and the 
higher sulfate level of the cement (3.47%). This range encompasses all sulfate 
contents available in the market. 
3. Cements doped with potassium hydroxide, three different doping levels were 
used; 1.5% 2.0%, and 3.8% (Na2Oe). The 3.8% case will be done for cements C 
and E only; this is an extreme case that will be used for comparison reasons, 
since some of the studies in the literature have used this case. For all other 
cements (MH3, MH4 and ERD07), only 1.5% and 2.0% doping levels were 
adopted. 
A summary of the different cases studied here is presented in table 7. 
 
         Table 7: Mixes  
 
SO3 Alkalis as Na2Oe
AR AR 1.5% 2.0% 3.8%*
3.6% AR 1.5% 2.0% 3.8%*
5% AR 1.5% 2.0% 3.8%*
         * For cements C and E only. 
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While cements C and E were initially selected to serve as a baseline, cements ERD07, 
MH3 and MH4 selected because of their alkali content (about 1%). ERD07 has low 
C3S content and high C3A content, MH3 has High C3S and low C3A, and MH4 has 
high C3S and high C3A. ERD07 will be compared to cement E, MH3 will be 
compared with cement C and MH4 will be compared with both to study the effect of 
high C3S and high C3A content. Table 8 shows the mineralogical composition of all 
cements using different analytical methods. 
 
In conclusion, cements selected for this study encompass a wide variance of chemical 
composition. This is considered to be a critical step so that the findings of this study 
can be used for a wide range of cement compositions. 
 
Table 8: Major Phases of All Cements 
 
C3S C3A SO3 Alkalis Cement Bogue Rietveld Curves Bogue Rietveld Curves  Na2O K2O Na2Oe
Blaine 
m2/Kg 
ERD07 54 59 58.82 9 9 9 3.47 .30 1.12 1.03 408 
MH3 67 72 67 6 2 3.3 3.09 .21 1.10 .93 395 
MH4 57 65 63 9 10 N/A* 2.55 .43 .67 .87 427 
C 60 67 70 7 2 3 2.81 <.01 .41 .27 384 
E 57 54 58 6 4 4 2.58 .18 .34 .40 380 
 
 
 
Labeling and mix identification method: 
The following labeling method was adopted for this study. It is based on the doping 
levels of sulfate and alkalis. For example C-3.6-1.5 means cement C with 3.6% SO3 and 
1.5% alkali as Na2Oe. The following is a listing of different cases studied in this research. 
1. Case AR-AR: As-received cements. No doping. 
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2. Case 3.6-AR: Sulfate content increased to 3.6% using gypsum (CaSO4.2H2O), 
and alkali contents reflects as-received condition 
3. Case 5-AR: Sulfate content increased to 5.0% using gypsum (CaSO4.2H2O), 
and alkali content reflects as-received condition. 
4. Case AR-1.5:Sulfate content reflects as-received condition, and alkalis content 
increased to 1.5% using potassium hydroxide (KOH). 
5. Case AR-2: Sulfate content reflects as-received condition, and alkalis content 
increased to 2.0% using potassium hydroxide (KOH). 
6. Case AR-3.8: Sulfate content reflects as-received condition, and alkalis 
content increased to 3.8% using potassium hydroxide (KOH). 
7. Case 3.6-1.5: Sulfate content increased to 3.6% (CaSO4.2H2O), alkalis content 
increased to 1.5% using potassium hydroxide (KOH). 
8. Case 3.6-2.0: Sulfate content increased to 3.6% (CaSO4.2H2O), and alkalis 
content increased to 2.0% using potassium hydroxide (KOH). 
9. Case 3.6-3.8: Sulfate content increased to 3.6% (CaSO4.2H2O), and alkalis 
content increased to 3.8% using potassium hydroxide (KOH). 
10. Case 5-1.5: Sulfate content increased to 5.0% (CaSO4.2H2O), and alkalis 
content increased to 1.5% using potassium hydroxide (KOH). 
11. Case 5-2: Sulfate content increased to 5.0% (CaSO4.2H2O), and alkalis 
content increased to 2.0% using potassium hydroxide (KOH). 
12. Case 5-3.8: Sulfate content increased to 5.0% (CaSO4.2H2O), and alkalis 
content increased to 3.8% using potassium hydroxide (KOH). 
Tables 9-13 present the mix proportions for all cases studied here. 
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Table 9: Mix Proportions for Cement C 
 
   Cement (g) Added Gypsum (g) Added KOH (g) 
     Alk 
 
SO3      
AR 1.5 2 3.8 AR 1.5 2 3.8 AR 1.5 2 3.8 
AR 500 486.90 482.23 462.75 0 0 0 0 0 13.10 17.77 37.25 
3.6 490.96 476.78 472.43 452.06 9.04 9.62 9.8 10.54 0 13.50 17.77 37.40 Bars 
5 474.94 461.13 457.22 437.21 26.06 25.19 25.22 25.29 0 13.50 17.77 37.50 
AR 740 720.61 713.7 684.87 0 0 0 0 0 13.39 26.3 55.13 
3.6 726.62 705.78 699.2 669.05 13.38 14.24 14.5 15.60 0 19.98 26.3 55.35 Cubes 
5 702.91 682.74 676.38 647.07 37.09 37.28 37.32 37.43 0 19.98 26.3 55.50 
AR 250 243.45 241.12 231.38 0 0 0 0 0 6.55 8.88 18.63 
3.6 245.48 238.44 236.22 226.03 4.52 4.81 4.90 5.27 0 6.75 8.88 18.70 
Paste 
Nuggets 
5 237.47 230.66 228.51 218.60 12.53 12.59 12.51 12.65 0 6.75 8.88 18.75 
 
 
 
Table 10: Mix Proportions for Cement E 
 
   Cement (g) Added Gypsum (g) Added KOH (g) 
     Alk 
 
SO3      
AR 1.5 2 3.8 AR 1.5 2 3.8 AR 1.5 2 3.8 
AR 500 489 483.25 464.75 0 0 0 0 0 11.0 16.75 35.25 
3.6 488.39 476.98 471.10 452.03 11.61 11.97 12.15 12.67 0 11.05 16.35 35.30 Bars 
5 472.45 461.11 455.93 436.93 27.55 27.54 27.52 27.42 0 11.35 16.55 35.65 
AR 740 723.72 715.21 687.83 0 0 0 0 0 16.28 24.79 52.17 
3.6 722.81 705.92 697.23 669.01 17.19 17.72 17.98 18.75 0 16.35 24.79 52.24 Cubes 
5 699.23 682.44 674.77 646.66 40.77 40.76 40.74 40.58 0 16.80 24.49 52.76 
AR 250 244.5 241.63 232.38 0 0 0 0 0 5.5 8.38 17.63 
3.6 244.19 238.49 N/A* 226.02 5.81 5.99 N/A* 6.33 0 5.53 N/A* 17.65 
Paste 
Nuggets 
5 236.22 230.56 227.96 218.47 13.78 13.77 13.76 13.71 0 5.68 8.28 17.83 
*Not mixed        
 
 
 
Table 11: Mix Proportions for Cement ERD07 
 
   Cement (g) Added Gypsum (g) Added KOH (g) 
     Alk 
 
SO3        
AR 1.5 2  AR 1.5 2 AR 1.5 2 
AR 500 495.17 N/A* 0 0 N/A 0 5.83  
3.6 N/A N/A N/A N/A N/A N/A N/A N/A N/A Bars 
5 482.22 477.07 N/A 17.78 17.98 N/A 0 4.95  
AR 740 N/A N/A 0 N/A N/A 0 N/A N/A 
3.6 737.26 729.96 721.53 2.24 2.79 3.38 0 7.25 15.10 Cubes 
5 713.69 705.52 N/A 26.31 26.84 N/A 0 7.84  
* Mixes were not carried out due to shortage in material. 
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Table 12: Mix Proportions for Cement MH3 
 
   Cement (g) Added Gypsum (g) Added KOH (g) 
     Alk 
 
SO3        
AR 1.5 2  AR 1.5 2 AR 1.5 2 
AR 500 494.09 488.89 0  0 0 5.91 11.11 
3.6 494.13 487.67 482.35 5.87 6.23 6.51 0 6.10 11.14 Bars 
5 478 471.86 466.54 22 22.14 22.25 0 6 11.21 
AR 740 731.26 723.56 0  0 0 8.74 16.44 
3.6 731.31 721.76 713.63 8.69 9.21 9.65 0 9.03 16.72 Cubes 
5 707.44 698.35 690.47 32.56 32.77 32.93 0 8.88 16.60 
 
 
 
Table 13: Mix Proportions for Cement MH4 
 
   Cement (g) Added Gypsum (g) Added KOH (g) 
     Alk 
 
SO3        
AR 1.5 2  AR 1.5 2 AR 1.5 2 
AR 500 493.48 488.30 0 0 0 0 6.52 11.70 
3.6 488.05 481.07 475.87 11.95 12.16 12.32 0 6.77 11.81 Bars 
5 472.13 465.37 460.20 27.87 27.86 27.84 0 6.77 11.95 
AR 740 730 722.53 0 0 0 0 9.70 17.46 
3.6 722.32 711.86 704 17.68 18 18.24 0 10.14 17.76 Cubes 
5 698.75 688.33 680.59 41.25 41.23 41.21 0 10.43 18.2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
63
 
 
 
 
 
CHAPTER 5 
 
ROLE OF SULFATES 
 
 This chapter presents the results on the effect of increasing the sulfate content 
(SO3) of the cements on expansion potential and compressive strength. The effect of 
sulfate is characterized through different analytical methods; such as XRD, SEM, 
chemical analysis of the hydrating solution (Ionic species concentration) and heat of 
hydration calorimetry.  
 
5.1 Expansion Results 
 Figures 5 through 9 depict the effect of increasing the sulfate content on the 
expansion behavior of all cements at as-received alkali content. As mentioned in chapter 
3, the mortar prisms used for the expansion results were prepared in accordance with 
ASTM C-1038. All samples were stored in lime solution for the duration of the 
experiments.  
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Figure 5: Effect of Sulfate Content on Expansion Behavior for Cement E 
 
It is quite evident that there is an increase in expansion with the increasing sulfate 
content. For the AR cases, where sulfate content was between 2.58% and 3.47%, 
expansion  did not exceed 0.03%, with  the highest reported for cement ERD07. This 
could be due to the fact that cement  ERD07 has the highest SO3 content, although the 
values for all cements were within close range.  
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Figure 6: Effect of Sulfate Content on Expansion Behavior for Cement C 
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Figure 7: Effect of Sulfate Content on Expansion Behavior for Cement ERD07 
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Figure 8: Effect of Sulfate Content on Expansion Behavior for Cement MH3 
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Figure 9: Effect of Sulfate Content on Expansion Behavior for Cement MH4 
 
The increase in the expansion values from the AR case to the 3.6% case was almost 
negligible. There was no 3.6% case for cement ERD07 since the AR SO3 content was 
close to that value.  The increase in expansion values in the 5% case is clear; the values 
are almost double those of the AR case for cements C, E, MH3 and MH4. However, all 
the values were under .05%, up to the ages reported, in the cases of C and E and ERD07,  
and just slightly above that in case of cement MH3.  The increase from the AR case to the 
5% case in cement ERD07 was not much; this could be due to the fact that the original 
cement has high sulfate content. 
 
Cement MH3 recorded the highest expansion, followed by cement C. These two cements 
have high C3S content and low C3A content. Cement ERD07 showed the lowest 
expansion value at 5% sulfate. This could be due to its high C3A content. MH4 has a high 
C3A content as well, but the C3S content is high. It appears that cements with high C3A 
content expand less for the same sulfate contents (for the sulfate levels studied here). 
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5.2 Compressive Strength 
 Figures 10 through 14 depict the effect of increasing the sulfate content on the 
compressive strength, without increasing the alkali content.  
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Figure 10: Effect of Sulfate Content on  Strength Gain for Cement E 
 
Increasing the sulfate content to 3.6% did not result in any major changes in strength gain  
for cements E, C, MH3 and MH4. At the 5% level, the strength gain was slowed down in 
the case of these four cements; however, beyond 7 days, the strength values seem to be 
close for all three sulfate levels up to the ages reported here.  
In the case of cement ERD07, we can see that the 5% case showed a slightly higher 
strength up to 60 days. Beyond this age, it appears that the sulfate content of 3.6% 
generated highest strength. 
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Figure 11: Effect of Sulfate Content on Strength Gain for Cement C 
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Figure 12: Effect of Sulfate Content on Strength Gain for Cement ERD07 
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Figure 13: Effect of Sulfate Content on Strength Gain for Cement MH3 
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Figure 14: Effect of Sulfate Content on Strength Gain for Cement MH4 
 
In order to go about explaining the observations, two of the cements, namely C and E 
were chosen for further analysis using various analytical methods. These methods are: 
XRD, Heat of hydration Calorimetry, Chemical analysis of cement solution and SEM. 
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5.3 XRD Results 
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Figure 15: XRD of Hydration Products @ 24 hours for Cement E 
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile 
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum
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Figure 16: XRD of Hydration Products @ 24 hours for Cement C 
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile 
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum
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In order to explain the findings on expansion and strength, phase analysis was 
performed using XRD. The hydration and hydration products were monitored through 
XRD. The XRD work was performed on the paste samples. Figures 15 and 16 show the 
hydration products at 24 hours for all three sulfate levels (AR-AR,3.6-AR and 5-AR)  for 
cements E and C respectively. It can be  seen that the gypsum peak persisted up to 24 
hours for  5% mix; however, it disappeared by three days. It can also be seen that 
ettringite was present as early as 8 hours in all three cases. Additionally, the x-ray 
patterns reveal differences in other phases such as C3S and CH.  
 
Certain phases were selected for further quantification. Selection was based on the 
significance of those phases to ISA phenomenon. Quantification analysis for ettringite, 
alite, C4AF, CH and amorphous contetnt. This is presented in Figures 17-26. 
Ettringite Formation:   
Ettringite was quatinfied using the two different methods of quantification; namely, 
internal standard (semi-quantification using rutile as an internal strandard), and the 
Rietveld method. The results of both methods exhibited the same trend.The results of the 
internal standard method are presented here. 
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Figure 17: Effect of Sulfate Content on Ettringite Formation in Cement E  
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Figure 18: Effect of Sulfate Content on Ettringite Formation in Cement C  
 
It is clear by looking at Figures 17 and 18 that there is an increase in the amount of 
formed ettringite as the SO3 content increased in both cements. The increase is believed 
to be due to the delayed release of the sulfate, as can be recalled from Figures 15 and 16, 
that the gypsum peak persisted longer in the 5% case. However, the amount of ettringite 
seemed to have leveled off after 28 days. It can be seen that the amount of ettringite 
formed, as well as the expansion levels, in case of cement C are higher than those in case 
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of cement E, for all three sulfate levels. It is to be noted that the main mineralogical 
difference  between these two cements is C3S content (see Chapter 3). It seems, based on 
the results presented here, that higher C3S content –for the same C3A content-  may result 
in the formation of higher amounts of ettringite. 
Hydration of Alite 
 
Figures 19 and 20 show the effect of increasing the sulfate content on hydration of alite 
(C3S) for cements E and C, respectively. The rate of C3S hydration appears to be affected 
by the sulfate content of the cement. This appears to be true for cements E and C as 
depicted in Figures 19 and 20. Without any sulfate addition, the amounts of unreacted 
C3S was smallest, for both cements. Upon increasing the sulfate contents to 3.6% and 
5%, this unreacted amount appears to increase. In case of cement C, the highest rate of 
hydration occurred in case AR-AR, and case 5.0-AR was the slowest. For cement E, case 
3.6-AR was the slowest, however, this will be verified by other methods later (heat of 
hydration). The difference  in  the rate of alite hydration between all three sulfate cases 
was evident first 24 hours. Beyond 24 hours, differences appeared to be minimal. 
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Figure 19: Effect of Sulfate Content on C3S Hydration in Cement E  
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Figure 20: Effect of Sulfate Content on C3S Hydration in Cement C 
 
Brownmillerite Hydration (C4AF) : 
Figures 21 and 22 show the rate of hydration of C4AF for both cements (E and C) 
respectively. No trend could be established for the collected data. Both cements yielded 
differnt results, also, the results could not be correlated with any physical measurements; 
such as expansion or strength.  
 
0.00
2.00
4.00
6.00
8.00
10.00
12.00
14.00
16.00
0 1 2 3 4 5 6 7
Age (days)
 B
M
 %
 W
t-R
ie
tv
el
d
5-AR
3.6-AR
AR-AR
 
Figure 21: Effect of Sulfate Content on C4AF Hydration in Cement E  
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Figure 22: Effect of Sulfate Content on C4AF Hydration in Cement C  
 
Formation of Calcium Hydroxide: 
Figures 23 and 24 show the formation of calcium hydroxide. It is evident that the rate of 
formation decreased with increasing the sulfate content, for both cements. These results 
are in agreement with the data collected on alite hydration as discussed previously. The 
difference was more clear in the 5.0-AR case. As can be seen, the amount of the formed  
calcium hydroxide is  lower at 7 days.  Though the amount of alite hydrated at this time 
was almost the same in all three cases, calcium hydroxide formation was significantly 
less for the 5% sulfate case. This difference could be due the higher amount of ettringite 
formed in this case. Also, the amounts formed was higher in cement C than E. This is 
expected since cement C has a higher alite content.  
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Figure 23: Effect of Sulfate Content on Formation of Calcium Hydroxide in Cement E  
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Figure 24: Effect of Sulfate Content on Formation of Calcium Hydroxide in Cement C  
 
Formation of Amorphous Content: 
The formation of the amorphous content is attributed to the formation of the C-S-H gel, 
which is responsible for the strength. Figures 25 and 26 show the formation of 
amorphous content of cements E and C, respectively. It is clear that the rate of formation 
was slower in the 5.0-AR case, in both cements. The difference persisted up to 7 days; 
 
76
however, the difference at 7 days was more pronounced in cement E than cement C. This 
is consistent with compressive strength data shown in Figures 10 and 11.  
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Figure 25: Effect of Sulfate Content on Formation of Amorphous Content for Cement E  
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Figure 26: Effect of Sulfate Content on Formation of Amorphous Content for Cement C  
 
5.4 Heat of Hydration 
 Figures 27 and 28 show the heat of hydration curves for both cement E and C. 
The effect of sulfate content is quite clear. An increase in the sulfate content is 
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accompanied by a delay in the first peak, which is attributed to C3A hydration. The delay 
was about 4 minutes. The same trend was observed in both cements; however differences 
existed in the amount of heat generated; with cement C lower than E. This could be due 
to difference in C3A content. 
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Figure 27: Effect of Sulfate Content on Heat of Hydration for Cement E 
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Figure 28: Effect of Sulfate Content on Heat of Hydration for Cement C 
 
 
 
 
78
 
79
5.5 Ionic Species Concentrations  
The chemistry of the solution gives an idea about the rate of release and the 
depletion of certain ions from the hydrating cement solution. This will be related to the 
formation of certain phases; for example the rate of sulfate ion depletion will be 
correlated with the formation of ettringite.  
Sulfate Ions (SO4-2): 
Figures 29 and 30 show the sulfate ion concentrations. The same trend was observed in 
both cements. The values appear to be almost the same for all 3 cases between 30  
minutes and 8 hours, although there is a difference in the sulfate content. This is due to  
the fact that the excess sulfate in the 5% cases did not dissolve immediately, this is 
consistent with XRD patterns presented above in Figures 15 and 16; where the gypsum 
peak persisted up to 24 hours. The behavior after 8 hours is consistent with sulfate 
content; as the sulfate content increased the depletion times increased as well. The 
ettringite formation as was shown earlier, it did not follow exactly the trend of the sulfate 
ion depletion, the ettringite formation continued for some times after the depletion of the 
sulfate from the solution, it continued up to 28 days in the 5.0-AR case for example. This 
may imply that the sulfate ions removed from the solution were concentrated in a 
different phase, i.e. C-S-H gel, which acted as a sulfate source subsequently. 
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Figure 29: Effect of Sulfate Content on SO4-2 Concentration for Cement E 
 
 
0
1000
2000
3000
4000
5000
6000
7000
0 32 64 96 128 160
Age (hours)
C
on
c.
 (m
g/
L)
5.0-AR
3.6-AR
AR-AR
 
Figure 30: Effect of Sulfate Content on SO4-2 Concentration for Cement C 
 
Calcium ions (Ca+2): 
Figures 31 and 32 show the calcium ions concentrations for cements E and C. The trend 
is consistent with the CH formation trends as shown above by XRD. Comparing the AR-
AR case to 5.0-AR case, the difference is clear, especially after 24 hours, where the 
values were lower in the 5.0-AR case. The difference persisted up to 7 days, where the  
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values converged for all 3 cases. It is important to note that the higher values in the 5.0 
case, could be in part due the higher gypsum content as well. 
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Figure 31: Effect of Sulfate Content on Calcium ions Concentration for Cement E 
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Figure 32: Effect of Sulfate Content on Calcium ions Concentration for Cement C 
 
The curves for other ionic species ( such as potassium, sodium, silica and aluminum) 
were low and did not show any specific trends; therefore it was decided not to include 
them. 
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5.6 Scanning Electron Microscopy (SEM) 
The SEM was used to compliment and corroborate some of the results obtained 
using the other analytical methods mentioned above. Using the fractured surfaces (in the 
secondary electron mode) givers an idea about the phases present, it also sheds some light 
on the morphology of certain phases; such as ettringite and the C-S-H gel. Studying 
polished-surfaces samples (in the back-scattered mode) gives an idea about the chemical 
make-up of certain phases. This sheds some light about the inclusion of some ions in 
certain phases. 
 
 5.6.1 Fractured Surfaces 
                   
  A                      B  2.5µm  
               Case 5.0-AR           Case AR-AR 
Figure 33: SEM Micrographs for Cement E 
 
Figures 33 and 34 show some SEM micrographs for fractured surfaces of paste 
samples. It can be generally seen that there is no major differences in the appearance of 
the gel. 
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      A          B            2.5µm  
                  Case AR-AR                                                               Case 5.0-AR 
Figure 34: SEM Micrographs for Cement C 
 
 5.6.2 Polished Surfaces 
 Back-scattered images coupled with EDS were used to study the chemical make-
up of the C-S-H gel. The results were not conclusive, no trend could be established. 
            
Figure 35: SEM Micrograph on a Polished Section for Cement E, Case AR-AR 
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CHAPTER 6 
 
ROLE OF ALKALIS, PART I: EFFECT OF ALKALI SOURCE 
 In this chapter the results of increasing the sulfate and the alkali levels using 
different sources are presented ; alkali sulfate and alkali hydroxide (The experiments are 
outlined in Sec. 4.4). The effect will be characterized through different analytical 
methods; such as XRD, SEM, and chemistry of the hydrating solution and heat of 
hydration. The results will be presented as to compare the effect of increasing both the 
alkali and sulfate using potassium sulfate (K2SO4)-case KS (alkali content=2.32% and 
sulfate content=5.0% by weight of cement), increasing the alkali using potassium 
hydroxide (KOH) and increasing the sulfate using gypsum-case KH-CS (alkali 
content=2.0%, and sulfate content=5.0% by weight of cement). Case 5.0-AR, increasing 
the sulfate level (only) to 5.0% using gypsum will be used as reference. 
6.1 Expansion Results 
 Figures 36 and 37 show the expansion behavior of all three cases mentioned 
above, for cements E and C respectively. It is clear that there is no significant difference 
in expansion values between all three cases. The expansion values very close, with one 
exception in the case of cement E; the case KH-CS is slightly lower. These values are 
true however, up to the ages reported here. The expansion will continue to be monitored 
for any changes. 
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Figure 36: Effect of Alkali Source on Expansion Behavior for Cement E 
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Figure 37: Effect of Alkali Source on Expansion Behavior for Cement C
 
As can be seen, at this level of  sulfate content (5%), whether increasing the sulfate 
content using K2SO4 or gypsum, the result is the same, and increasing the alkali level to 
2%, whether the source was potassium sulfate or potassium hydroxide, the result is the 
same. This is true for the ages reported here. 
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6.2 Compressive Strength 
 The effect of varying alkali source on compressive strength is presented in this 
section. Figures 38 and 39 indicate the influence of alkali source on compressive strength 
for cements E and C. The addition of alkali (at 5% sulfate level) resulted in an increase in 
the 7-day strength (compared to the 5.0-AR case). However, the values in cases KS and 
KH-CS did not seem to increase much after that, it almost leveled off. In the case of 5.0-
AR, the value almost doubled between 7 days and 56 days, where the values seemed to 
have leveled off in the other two cases. The results indicate that increasing the alkali 
content decreases the late compressive strength for the two cements studied here, 
irrespective of the source of alkalis. 
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Figure 38: Effect of Alkali Source on Strength Gain for Cement E
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Figure 39: Effect of Alkali Source on Strength Gain for Cement C
 
6.3 XRD Results 
QXRD was used to study and monitor the hydration process, and the hydration 
products. Appendix B contains some of the XRD scans collected for the cases mentioned 
here. Some phases are considered in detail below. 
Ettringite Formation: 
As mentioned in chapter 4, the ettringite was quantified using the internal standard 
method. The results are shown in Figures 40 and 41. In the previous chapter a correlation 
established between the ettringite formation and the expansion values. Figures 40 and 41 
show the amount of ettringite formed. The values are within same range for all three 
cases in both cements. There was a slight delay in the appearance of ettringite in case 
KH-CS in cement C; no ettringite was observed at 8 hours. The expansion trends 
correlate well with the expansion values. However, there was a drop in the compressive 
strength values in cases KS and KH-CS. This would be expected to result in larger 
expansion in these two cases. At this point, this has not happened; the values will be 
monitored at further ages for any changes in expansion behavior. 
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Figure 40: Effect of Alkali Source on Ettringite Formation for Cement E 
 
 
0
0.2
0.4
0 60 120 180
Age (days)
Et
tri
ng
te
-R
at
io
 T
iO
2
5.0-AR
KS
KH-CS
 
Figure 41: Effect of Alkali Source on Ettringite Formation for Cement C
 
Hydration of Alite: 
Looking at Figures 42 and 43, the effect of increasing the alkalis content is clear. The 
hydration of alite increased as compared to the 5.0—AR case. The increase in the rate of 
hydration mostly occurred in the first 24 hours, the difference disappeared at 7 days. 
There is a difference in the trend between these cements; in cement C case KH-KS  
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showed the highest hydration, where case KS showed the highest hydration in cement E. 
The reason for this difference is not clear.  
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Figure 42: Effect of Alkali Source on C3S Hydration for Cement E 
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Figure 43: Effect of Alkali Source on C3S Hydration for Cement C 
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Brownmillerite Hydration (C4AF) : 
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Figure 44: Effect of Alkali Source on C4AF Hydration for Cement E 
 
Figures 44 and 45 depict the hydration of Brownmillerite. Again, the trend was not clear. 
In cement E, the hydration of this phase was more rapid in cases KS and KH-CS than the 
5.0-AR case, however, the difference was not very clear in cement C. This trend could 
not be established. No conclusive effects could be related to the expansion or strength 
behavior. 
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Figure 45: Effect of Alkali Source on C4AF Hydration for Cement C 
 
Formation of Calcium Hydroxide: 
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Figure 46: Effect of Alkali Source on Formation of Calcium Hydroxide for Cement E 
 
Cases KH and KH-CS both showed higher calcium hydroxide formation for the first 7 
days. This is consistent with hydration of alite as shown in Figures 42 and 43. Another 
possible reason for the higher calcium hydroxide is the faster precipitation due to the 
higher alkalinity of these two cases as compared to 5.0-AR case. 
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Figure 47: Effect of Alkali Source on Formation of Calcium Hydroxide for Cement C 
 
Formation of Amorphous Content: 
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Figure 48: Effect of Alkali Source on Formation of Amorphous Content for Cement E 
 
The amorphous content is an indication of the amount of C-S-H gel formed, which is 
responsible for the strength. The trends observed in Figures 48 and 49, could not be 
exactly correlated with the hydration of alite. 
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Figure 49: Effect of Alkali Source on Formation of Amorphous Content for Cement C 
 
6.4 Heat of Hydration 
 Figures 50 and 51 show the heat of hydration profile for cements E and C for the 
cases studied here. Increasing the alkali level in both cases (KS and KH-CS) resulted in 
acceleration in the first peak as compared to case 5.0-AR. In cement C, the peak occurred 
at 13 min in 5.0-AR case, at 4.38 minutes in KH-KS case, and at 3.24 minutes in KS 
case.  
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Figure 50: Effect of Alkali Source on Heat of Hydration for Cement E 
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Figure 51: Effect of Alkali Source on Heat of Hydration for Cement C 
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The same trends were observed in cement E, the peak occurred at 5.76 minutes in case 
5.0-AR, at 3.24 minutes in case KH-CS, and at 2.67 minutes in case KS. Also, there was 
an increase in the rate of heat generated with the increase in alkali content in both cases. 
The increase in case KH-CS was not dramatic, however, the rate almost doubled in case 
KS, although both cases had almost the same alkali content. This could be due to the fact 
that syngenite formed and persisted for at least the first 8 hours of hydration in case 
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KH-CS, which could have contributed to slowing the reaction down.  The amount of  
heat was higher in cement E than C, again this could be due to higher C3A content. 
 
6.5 Ionic Species Concentrations 
The chemistry of the solution gives an idea about the rate of release and the 
depletion of certain ions from the hydrating cement solution. This will be related to the 
formation of certain phases; for example the rate of sulfate ion depletion will be 
correlated with the formation of ettringite.  
Sulfate Ions (SO4-2 ): 
Sulfate ions concentration profiles are shown in Figures 52 and 53  for cements E and C 
respectively. The trends observed in both cements are identical. Although, all three cases 
had the same sulfate content, it is clear that the concentration was highest in KS case, this 
is expected since K2SO4 is readily soluble. In case KH-CS, the added gypsum reacted 
with KOH to form syngenite, this could have delayed the release of sulfate ions into 
solution. This was confirmed by XRD (see Appendix B). The sulfate ions were released 
faster and depleted faster in case KS than the other two cases. The concentration in case 
5.0-AR had always the lowest value. This implies that ions were released into solution 
and depleted at a close rate. The amount of ettringite formed did not reflect this huge 
difference in the availability of sulfate ions. This could be due to two factors; first, the 
determining factor was the availability of the aluminum ions, which was the same in all 
three cases (See Figures 54 and 55). Second, there was a competition for the sulfate ions 
from another phase; (C-S-H gel), which is believed to form at a higher rate (at least early 
on in the reaction) due to higher alkalinity. It is therefore expected that in cases KS, and 
KH-CS, the gel will contain larger amounts of sulfates. It appears that the observed 
difference in sulfate ions concentration is due to combination of both effects; however, 
the second effect could not be verified. 
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Figure 52: Effect of Alkali Source on SO4-2 Concentration for Cement E 
 
There are some minor differences in the SO4-2 concentrations recorded between the same 
cases for cements E and C, although the sulfate contents are the same in both. This could 
be due to the difference in the solubility of the original sulfates for each cement. 
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Figure 53: Effect of Alkali Source on SO4-2 Concentration for Cement C 
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Figure 54: Effect of Alkali Source on Aluminum Ions Concentration for Cement E 
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Figure 55: Effect of Alkali Source on Aluminum Ions Concentration for Cement C 
 
Calcium Ions Concentration: 
Figures 56 and 56 show calcium ion concentration for cements E and C, respectively. The 
trend observed is the same in both cements. As we can see the values increase between 
30 minutes and 4 hours, and then  decrease until 8 hours. This is an indication of the 
dormant period . 
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Figure 56: Effect of Alkali Source on Calcium Ions Concentration for Cement E 
 
The values start to increase again after 8 hours, during the acceleration stage of hydration. 
The values start to  decrease after that, indicating setting and precipitation of calcium 
hydroxide. Based on these two facts, the trends are consistent with the data presented 
earlier (heat of hydration and calcium hydroxide formation). It can be seen that case KS 
showed the lowest calcium ion concentration with case KH-CS being close, case 5.0-AR 
showed higher values. As mentioned elsewhere, the added alkalis appear to accelerate the 
hydration process, and possibly gel nucleation. It also reduces the solubility of calcium 
hydroxide, which was evident from the calcium hydroxide formation shown earlier.  
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Figure 57: Effect of Alkali Source on Calcium Ions Concentration for Cement C 
 
The implication of this effect on strength gain, and eventually, durability of such system 
will be discussed in a later chapter. 
Potassium Ions Concentration: 
Potassium ions concentrations are shown in Figures 58 and 59 for cements E and C 
respectively. As expected, the values are higher for cases KS and KH-CS than AR. This 
was really a test for the preparation and analytical techniques. Case KS for cement E is a 
slightly higher than Case KH-CS, unlike the values for cement C. A possible explanation 
is that cement E has lower as-received sulfate content, so in order to achieve the 5% 
level, more K2SO4 had to be added. 
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Figure 58: Potassium Ions Concentration for Cement E 
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Figure 59: Potassium Ions Concentration for Cement C 
 
The results here indicate that potassium ions are not really tied in any phase. They are 
adsorbed possibly by the gel. However, potassium ions were not detected in the 
SEM/EDS work.  
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6.6 Scanning Electron Microscopy (SEM)  
 6.6.1 Fractured Surfaces 
Figure 60 shows SEM micrographs for fractured surfaces of paste samples. 
Comparing these two micrographs to the micrograph shown earlier in Fig. 34-A, it can be 
generally indicated that there is no major differences as far as the appearance of C-S-H 
gel. The general conclusion from SEM work on fractured surfaces of paste samples is 
that at this sulfate level of 5% and alkali level of 2%, regardless of the source of alkalis, 
gel appeared to be similar. 
 
                   
                            A                    B 
Figure 60: SEM Micrographs, Cement E, A) Case KH-CS, B) Case KS 
 
6.6.2 Polished Surfaces 
 Back-scattered imaging with EDS was used to study the chemical make-up of the 
gel. Again, the results were not conclusive. Figure 61 shows a micrograph for a polished 
section for case 5.0-AR for cement C. 
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    A. Cement C, Case 5.0-AR 
  
  
 
B. Cement E, Case 5.0-AR 
Figure 61: SEM Micrograph on a Polished Section and EDX Spectra  
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CHAPTER 7 
ROLE OF ALKALIS, PART II 
 Chapter 5 presented the role of increasing the sulfates. Chapter 6 presented the 
effect of increasing of the alkali content using two different forms of alkalis; namely 
potassium hydroxide and potassium sulfates. The purpose of this study is to investigate 
the influence of the alkali form, and as from the results presented, and up to the age 
studied here, the form of alkali did not result in significant difference. However, variation 
in alkali level (was also accompanied by variation in sulfate level as well). In this chapter 
potassium hydroxide (KOH) will be used to vary the alkali content of cements, and 
gypsum will be used to vary the sulfate level. This will allow the study of a wide range of 
both contents at constant values. A detailed list of the cases studied and their labeling 
method can be found in chapter 4. As in the two preceding chapters, the effect of both 
variables on durability  will be characterized through  different analytical methods; XRD, 
SEM, heat of hydration, chemical analysis, surface area measurements and optical 
microscopy when necessary. 
7.1 Expansion Results 
 Figures 62 through 67 show the expansion patterns for both cements E and C at 
all doping levels. It was shown in chapter 5 that, with no alkali addition,  the expansion 
increased with increasing sulfate content. For cement E, the expansion for the 5-AR case 
was just above .04%, and about .016 for the AR-AR case, case 3.6-AR showed an 
expansion of just above .018%. Expansion values for cement C for the same cases were 
slightly higher; however, it was within the same range. These maximum values were 
attained at 56 days, and leveled off thereafter 
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Figure 62: Effect of Alkali on Expansion Behavior for Cement E-SO3=AR 
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Figure 63: Effect of Alkali on Expansion Behavior for Cement E-SO3=3.6% 
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Increasing the alkali level to 1.5% did not really impact the expansion behavior much. 
The values, for the three sulfate levels for both cements, were almost the same for ages 
up to 360 days and beyond. As a matter fact, the values showed some decrease, the 
decrease was more noticeable in the case of cement E than cement C, but for all practical 
purposes, they will be considered unchanged. 
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Figure 64: Effect of Alkali on Expansion Behavior for Cement E-SO3=5.0% 
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Figure 65: Effect of Alkali on Expansion Behavior for Cement C-SO3=AR 
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Figure 66: Effect of Alkali on Expansion Behavior for Cement C-SO3=3.6% 
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Figure 67: Effect of Alkali on Expansion Behavior for Cement C-SO3=5.0% 
 
Increasing the alkali level to 2%, again, did not result in any dramatic changes to the 
expansion behavior, up to the ages reported here. Again, the expansion at this alkali level 
is to be considered unchanged as compared to the no-alkali cases.  
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The situation is completely different when the alkali level is increased to 3.8%. At 5% 
sulfate level, for cement E, the expansion values were almost the same as the other alkali 
cases, 5-AR, 5-1.5, and 5-2, up to 56 days, however, the expansion started to increase 
rapidly after that, to reach values close to 1.0%, and the bars showed cracking by 180 
days (Figure 68). The same trend occurred in cement C, with one exception; the 
expansion values started to depart from the other cases at an earlier age; just after 28 
days. It reached a value close to 1.0% at 91 days, where the bars started to show some 
cracking. The expansion behavior followed the same trend at the 3.6% sulfate level, 
except the damage was slightly delayed. In the case of cement E, the expansion values 
were close to the other cases up to an age of 120 days; then rapid expansion occurred. 
Expansion values of 1.0% accompanied by mortar cracking were reported at180 days. 
 
For cement  C, the expansion started to increase rapidly at 91 days. It reached a value of 
about 0.7% by 120 days and started to show some cracks. For AR condition, similar 
trends to the 3.6% and 5% sulfate contents were observed in cement C, except the 
damage did not occur until 270 days. The expansion value in this case reached 
approximately 0.05% at 56 days, and remained constant between 56 and 180 days. It 
started to increase rapidly after that, with eventual cracking at 270 days. In case of 
cement E, the expansion value leveled at a value of just above .04% after 150 days. The 
expansion values for cement E (for the ages reported) corresponds well with the values 
reported by Shayan et al (45). 
 
 
For case AR-3.8 in cement C,  the expansion behavior is quite different from cement E.  
The difference between cements C and E is the C3S content, where it is much higher in 
cement C; this is believed to be the cause of the observed trends.  
 
 
Figure 68: Cracked Mortar Bar of Case 5-3.8 for Cement E at 180 days 
 
7.2 Compressive Strength 
 The effect of the alkali additions on the compressive strength was more 
pronounced and more immediate, at all alkali levels. As can be seen from the results 
presented (Figures 69-74); increasing the SO3 content (without any alkali additions) did 
not greatly impact the ultimate strength of the mortar cubes (at least up to the ages 
reported here). The most discernable difference is the delay in strength gain in the case 5-
AR, in both cements. This was established in chapter 5, and it is reiterated here for 
comparison. Increasing the alkali content, and at each sulfate level resulted in reduction 
in the compressive strength at all ages. An exception is for the increase in 7-day strength 
in the cases 5-1.5 and 5-2 as compared to case 5-AR, for both cements.  
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Figure 69: Effect of Alkali on Strength Gain for Cement E-SO3=AR 
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Figure 70: Effect of Alkali on Strength Gain for Cement E-SO3=3.6% 
 
It was reported in the literature (54) that increasing the alkali content resulted in an 
increase in early strength, and a decrease in ultimate strength. In the current investigation 
this was only true in the 5% sulfate case. In this case,  as presented earlier, the sulfate 
addition delayed the strength gain. Addition of the alkalis counter that effect, by possibly 
increasing the rate of the hydration at early ages, and increasing the gel nucleation. 
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Figure 71: Effect of Alkali on Strength Gain for Cement E-SO3=5.0% 
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Figure 72: Effect of Alkali on Strength Gain for Cement C-SO3=AR 
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Figure 73: Effect of Alkali on Strength Gain for Cement C-SO3=3.6% 
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Figure 74: Effect of Alkali on Strength Gain for Cement C-SO3=5.0% 
 
Strength loss was about 25% in the 1.5% and 2% alkali cases, and more than 50% in the 
3.8% alkali cases. Furthermore, there was a regression in the strength values in the 3.8 
alkali cases. In case 5-3.8 for cement C, the cubes showed cracks at 91 days, the strength 
at that time dropped by 1/3 of the value it attained at 60 days. The same phenomenon was 
observed in cement E, except the  strength regression occurred at 180 days. 
 
 
 
111
7.3 XRD Results 
 QXRD was used to assess the hydration products. Ettringite formation was 
studied and quantification results reported here were collected using internal standard 
method. Other phases were studied and quantified using the Rietveld method.  Figure 75 
shows XRD scans for case 5-3.8 for cement E at different ages, note the absence of 
ettringite at 8 hours. Appendix B contains some of the XRD scans collected for the cases 
mentioned here. 
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Figure 75: XRD of hydration products for Case E-5-3.8 
A) @ 8 hours, B) @ 3 days, C) @ 56 days 
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile 
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum, KS= Arcanite
 
Ettringite Formation: 
Figures 76 through 81 depict the amount of ettringite formed for cements E and C. It is 
evident that the amount of ettringite formed increases with sulfate content of cement. 
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Increasing the alkali content did not affect the total amount of ettringite formed 
ultimately. The addition of the alkalis, however, and depending on the sulfate content, 
resulted in delay of ettringite formation as detected by XRD. This implies ettringite 
instability at higher alkalinity. The delay was most in the AR-3.8 cases, ettringite 
instability at higher alkalinity was reported in the literature (1). This phenomenon 
depends on the sulfate content. At 5% SO3, ettringite was detected as early as 8 hours in 
cases 5-3.8. The instability of ettringite has two implications; first: late formation of 
ettringite, would result in its formation after the setting and hardening of concrete. 
Second, the concentration of sulfate in other phases will be affected. These two effects 
and their impact on concrete durability will be discussed later. 
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Figure 76: Effect of Alkali on Ettringite Formation for Cement E-SO3=AR 
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Figure 77: Effect of Alkali on Ettringite Formation for Cement E-SO3=3.6% 
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Figure 78: Effect of Alkali on Ettringite Formation for Cement E-SO3=5.0% 
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Figure 79: Effect of Alkali on Ettringite Formation for Cement C-SO3=AR 
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Figure 80: Effect of Alkali on Ettringite Formation for Cement C-SO3=3.6% 
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Figure 81: Effect of Alkali on Ettringite Formation for Cement C-SO3=5.0% 
 
Hydration of Alite: 
Figures 82-87 show the hydration of C3S using the Rietveld method on cement paste. The 
addition of alkali (without any sulfate addition) seems to slow the rate of hydration of 
C3S during early stages of reaction; as evident from the data depicted in Figures 82 and 
85. The trend is not entirely clear when considering all cases of sulfate and alkalis 
additions. However, considering the extreme doping cases for both cements. It can be 
seen that the addition of alkalis counteract the effect of the sulfates. This is evident from 
the increased rate of hydration in the 5-3.8 cases as compared to the 5.0-AR cases. This is 
true for both cements, see Figures 84 and 87.  The observation here will be verified by 
the heat of hydration curves (to be shown later).  
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Figure 82: Effect of Alkali on C3S Hydration for Cement E-SO3=AR 
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Figure 83: Effect of Alkali on C3S Hydration for Cement E-SO3=3.6% 
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Figure 84: Effect of Alkali on C3S Hydration for Cement E-SO3=5.0% 
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Figure 85: Effect of Alkali on C3S Hydration for Cement C-SO3=AR 
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Figure 86: Effect of Alkali on C3S Hydration for Cement C-SO3=3.6% 
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Figure 87: Effect of Alkali on C3S Hydration for Cement C-SO3=5.0% 
 
Formation of Calcium Hydroxide: 
Figures 88-93 show calcium hydroxide formation, as quantified on cement paste samples 
using the Rietveld method. It is clear that calcium hydroxide amounts increased with the 
increase in alkali content, for all sulfate levels. This trend was definitely evident in the 
first 24 hours. The trend is somewhat different after 24 hours. It has to be remembered 
that the amounts shown here may contain some errors due  to leaching of calcium 
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hydroxide during samples preparation. The data presented here does not imply a faster 
hydration rate for higher alkali cases. From previous results,  there was no clear evidence 
that higher alkali cases increased C3S hydration. On the contrary, the conclusion was that 
alkalis did slow the hydration process. 
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Figure 88: Effect of Alkali on Calcium Hydroxide Formation for Cement E-SO3=AR 
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Figure 89: Effect of Alkali on Calcium Hydroxide Formation for Cement E-SO3=3.6% 
 
The reason for higher calcium hydroxide quantities is believed to be reduced solubility of 
calcium hydroxide in the high alkali solution (19). 
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Figure 90: Effect of Alkali on Calcium Hydroxide Formation for Cement E-SO3=5.0% 
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Figure 91: Effect of Alkali on Calcium Hydroxide Formation for Cement C-SO3=AR 
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Figure 92: Effect of Alkali on Calcium Hydroxide Formation for Cement C-SO3=3.6% 
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Figure 93: Effect of Alkali on Calcium Hydroxide Formation for Cement C-SO3=5.0% 
 
Formation of Amorphous Content: 
Figures 94-99 show the amorphous content as quantified by the Rietveld analysis. There 
are a lot of variations, especially after the first 8-24 hours of hydration. From Figures 94 
and 97, it can be seen that increasing alkali content resulted in less amorphous content. 
Other researcher (29) reported that alkalis increase gel production. This will be visited in 
a later chapter. However, considering the cases with high sulfate contents (Figures 106  
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and 109), it can be seen that alkalis result in higher amorphous content early on. The 
reason for this is the added sulfates retard rate of hydration, as was established in chapter 
5. 
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Figure 94: Effect of Alkali on Amorphous Content Formation  for Cement E-SO3=AR 
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Figure 95: Effect of Alkali on Amorphous Content Formation  for Cement E-SO3=3.6% 
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Figure 96: Effect of Alkali on Amorphous Content Formation  for Cement E-SO3=5.0% 
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Figure 97: Effect of Alkali on Amorphous Content Formation  for Cement C-SO3=AR 
 
 
 
 
 
124
010
20
30
40
50
60
70
0 1 2 3 4 5 6 7
Age (days)
A
m
or
ph
ou
s C
on
t %
 W
t-R
ie
tv
el
d 3.6-3.8
3.6-2.0
3.6-1.5
3.6-AR
 
Figure 98: Effect of Alkali on Amorphous Content Formation  for Cement C-SO3=3.6% 
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Figure 99: Effect of Alkali on Amorphous Content Formation  for Cement C-SO3=5.0% 
 
7.4 Heat of Hydration 
 Looking at the heat of hydration results (Figures 100-103), it is suggested that at 
3.8% alkalis content, the rate of C3A hydration is accelerated. This is evident when 
considering the  first peak in cement E for example. The peak appeared at 2.5 minutes in 
case AR-3.8 as opposed to 4.5 minutes in case AR-AR. Additionally, the rate of heat 
generation in the first case was more than double that in the second case. In case AR-2.0  
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for cement E, the behavior is not much different from the case AR-AR. These values are 
consistent with the flow values recorded. The flow values ( Table 14) were highest in 
AR-AR case, and lowest in AR-3.8 case.  Similar trends were observed for cement C, 
with the exception of case AR-2.0, where the peak occurred earlier than the AR-AR case. 
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Figure 100: Effect of Alkali on Heat of Hydration for Cement E-SO3=AR  
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Figure 101: Effect of Alkali on Heat of Hydration for Cement E-SO3=5.0% 
 
Increasing the sulfate content (without the addition of alkalis) retards the appearance of 
the first peak. This is evident when comparing 5-AR case to AR-AR case, for both  
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cements . The peak was delayed by about 3 minutes in cement E. Adding the alkali seems 
to counteract this effect, when considering case 5-3.8. The peak appeared at almost the 
same time as AR-AR case.  It can be concluded that  for high alkali content (3.8%) the 
early rate of reaction increases. This will result in the quick hydration of the C3A. An 
increase of C3A reactivity due to alkali additions was also reported by S. Sprung and W. 
Rechenberg (25). 
 
The hydration cases of 1.5% and 2% alkali did not vary much from the no-alkali addition 
cases (at all sulfate levels), with some minor differences. As a matter of fact,  the reaction 
of the first peak seems to have been slowed down slightly as a result of theses alkali 
additions 
 
0
5
10
15
20
25
30
35
40
0 0.1 0.2 0.3 0.4 0.5 0.6
Time (hours)
R
at
e 
of
 H
ea
t E
vo
lu
tio
n 
(c
al
/g
.h
)
AR-3.8
AR-2.0
AR-1.5
AR-AR
 
Figure 102: Effect of Alkali on Heat of Hydration for Cement C-SO3=AR 
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Figure 103: Effect of Alkali on Heat of Hydration for Cement C-SO3=5.0% 
 
 
Table 14: Mortar Flow Values for Cements C and E 
  
 
 
Cement C Cement E 
   Alk 
 
SO3      
AR 2 3.8 AR 2 3.8 
AR 111 110 92 103.5 90.5 63 
3.6 115.5 104 90 113 96 87.5 
5 116 79 106.5 104.5 102 96 
 
 
7.5 Ionic Species Concentrations 
The chemistry of the solution gives an idea about the rate of release and the 
depletion of certain ions from the hydrating cement solution. This will be related to the 
formation of certain phases; for example the rate of sulfate ion depletion will be 
correlated with the formation of ettringite.  
Sulfate Ions (SO4-2): 
Figures 104-109 show the sulfate ions concentrations profiles. It is clear that for the same 
sulfate content, there was a higher sulfate concentration as the alkali level increased.  
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The same trend was observed for both cements. The sulfate ions persisted up to 3 days in 
the AR and 3.6 cases, and up to 7 days for sulfate content of 5%. 
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Figure 104: Effect of Alkali on SO4-2 Concentration for Cement E-SO3 =AR  
 
Now, considering Figures 104 and 107, it can be seen that there was an ample supply of 
sulfate ions for AR-3.8 cases, yet ettringite was not detected by XRD until 14 days in 
cement E, and not until 28 days in cement C. It is beleived that  the sulfate ion 
concentrations availble in AR-3.8 cases were below the solubility limit of ettringite in 
high alkaline solutions. Though, exact values for the solubility limits of ettringite were 
not determined at different sulfate ion concentrations, the formation of ettringte in cases 
3.6-3.8 and 5.0-3.8 as early as 8 hours corraboates this conclusion.  
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Figure 105: Effect of Alkali on SO4-2 Concentration for Cement E-SO3 =3.6% 
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Figure 106: Effect of Alkali on SO4-2 Concentration for Cement E-SO3 =5.0% 
 
Furthermore, considering Figures 106 and 109. The sulfate ions concentration in case 5-
3.8 was almost double that of cases 5.0-AR, yet the same amount of ettringite was 
recorded by XRD. This is indicative of the  persistence of sulfate ions in solution for 
longer periods of time. The depletion times were almost the same for all alkali cases at 
the same sulfate level, with some variations. 
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In the high alkali cases (3.8%), sulfate ions persisted longer in solution, longer than the 
no-alkali cases. However, amounts of ettringite detected are the same, and no other 
sulfate-bearing phases were detected beyond 24 hours in the AR cases and 3 days in the 
5% cases.  The following scenarios could have taken place: alkali increases the solubility 
of sulfates, so it is released into solution at a faster rate. Yet, it is not removed from 
solution fast enough. For the no alkali-cases, the sulfates are being removed at the same 
rate they are released. Also, in the high alkali cases, the sulfates persisted in solution and 
were not available for use in the formation of C-S-H gel. 
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Figure 107: Effect of Alkali on SO4-2 Concentration for Cement C-SO3 =AR 
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Figure 108: Effect of Alkali on SO4-2 Concentration for Cement C-SO3 =3.6% 
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Figure 109: Effect of Alkali on SO4-2 Concentration for Cement C-SO3 =5.0% 
 
Calcium Ion Concentration: 
The calcium ion concentration is shown in Figures 110-115. It is clear that the values 
decreased as the alkali concentration increased. This is consistent with calcium hydroxide 
quantification curves shown earlier. The implications of this is as follows: low solubility 
of calcium hydroxide in these high alkali solutions will cause calcium hydroxide to 
precipitate and nucleate in available space. This will impede and interfere with further  
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nucleation of the C-S-H gel. That could have been one of the factors for the poor quality 
gel, and the low strength attained by the high alkali cases.  Another implication is the 
Ca/Si ratio of the C-S-H gel, since less calcium ions are available in solution in the high 
alkali cases, this may have resulted in lower ratio, but this could not be verified. 
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Figure 110: Effect of Alkali on Calcium Ions Concentration for Cement E-SO3=AR 
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Figure 111: Effect of Alkali on Calcium Ions Concentration for Cement E-SO3=3.6% 
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Figure 112: Effect of Alkali on Calcium Ions Concentration for Cement E-SO3=5.0% 
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Figure 113: Effect of Alkali on Calcium Ions Concentration for Cement C-SO3=AR 
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Figure 114: Effect of Alkali on Calcium Ions Concentration for Cement C-SO3=3.6% 
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Figure 115: Effect of Alkali on Calcium Ions Concentration for Cement C-SO3=5.0% 
 
Aluminum Ions: 
The aluminum ions concentration remained low. No trend could be established. None of 
the properties discussed above could be correlated with the values shown in the Figures 
below. 
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Figure 116: Effect of Alkali on Aluminum Ions Concentration for Cement E-SO3 =AR  
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Figure 117: Effect of Alkali on Aluminum Ions Concentration for Cement E-SO3 =3.6% 
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Figure 118: Effect of Alkali on Aluminum Ions Concentration for Cement E-SO3 =5.0% 
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Figure 119: Effect of Alkali on Aluminum Ions Concentration for Cement C-SO3 =AR 
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Figure 120: Effect of Alkali on Aluminum Ions Concentration for Cement C-SO3=3.6% 
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Figure 121: Effect of Alkali on Aluminum Ions Concentration for Cement C-SO3=5.0% 
 
7.6 Scanning Electron Microscopy (SEM) 
 7.6.1 Fractured Surfaces 
 Figure 122 shows some SEM micrographs for pastes for case 5-3.8 for cements C 
and E. In Figure 122-A and C are taken at 3 days. Visible ettringite needles dispersed 
throughout the matrix can be observed. Also, arcanite and syngenite crystals were 
identified but disappeared after 3 days as confirmed by XRD. Figure 122-B and D 
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(cements E and C respectively), show the presence of well-crystalline and thicker 
ettringite needles in both cases than what was observed at 3 days. This could be explained 
in two ways; first, the crystal growth theory by Mehta (4) and Charlotte (5), and by the 
space availability occupied previously by the syngenite and arcanite as was explained by 
Stark (78). This observation was only made for high alkali, high sulfate case. This is 
believed to be one of the reasons for excessive expansion observed in cases 5-3.8 and 
3.6-3.8. The total amount of ettringite formed ultimately, as quantified by XRD, was the 
same as the other cases with same sulfate content, though displaying different degrees of 
expansion. 
 
Figure 123 shows micrographs on paste samples for cement C. The difference in gel 
quality can be seen. It is clear that in case AR-3.8 (Fig. 123-A) the gel is disintegrated, 
more discrete, less continuous. The difference was more pronounced in the case of mortar 
bars as shown in Figure 124 B. The difference in gel quality of AR-AR and AR-3.8 cases 
is quite apparent. Figure 124-A shows SEM micrographs for mortar bars for cases AR-
3.8 and AR-AR for cement E. The difference is not dramatic, if it is noticed at all.  
 
 
 
 
 
 
 
 
 
 
 
                     
A                                                                              B 
 
 
                        
 
                         C              D 
Figure 122: SEM Images on Paste samples for Cements C and E-Case 5-3.8  
A) E-5-3.8@ 3 days, B)E-5-3.8 @ 91 days, C) C-5-3.8@ 3 days and D) C-5-3.8 @ 360 
days 
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Figure 123: SEM images for Paste 
 
 
   
 
  E-AR-3.8      E-AR-AR 
A 
 
 
                              
                 
                        C-AR-3.8                 C-AR-AR 
B 
Figure 124: SEM Images for Mortar Bars 
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 7.6.2 Polished Surfaces 
 Figure 125 shows some SEM micrographs and the EDX spectra for cases 5-3.8 
for cements C and E. Polished samples were prepared for certain cases. The purpose was 
to study the C/S ratio and how it is affected by the increase of the alkali content of the 
cement. It was mentioned in the literature that the addition of alkalis results in lower 
ratio. This could not be verified in the current investigation. Foreign ions inclusion in the 
C-S-H gel was always observed, but no particular trend could be established. 
 
     
 
 
Cement C, Case 5-3.8  
 
 
   
 
 
Cement E, Case 5-3.8  
 
Figure 125: SEM Polished and EDX Spectra for Case 5-3.8 of Cements C and E 
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CHAPTER 8 
CEMENTS MH3, MH4 AND ERD07  
 In the previous chapter, detailed study on the effect of alkalis and sulfates for 
cements C and E was presented. That study included ample of analytical methods and 
aimed at understanding the effect of both variables on the durability and the hydration 
process of cements.  
 
In this chapter, the results of increasing the alkalis and sulfates on durability using 
additional three cements (MH3, MH4 and ERD07) will be presented. The alkali level will 
be increased up to 2%. Furthermore, since these cements are already higher in alkali 
content than cements C and E, they will be compared to cements C and E based on the 
AR-AR cases to see what is the effect of higher alkalis.  
 
8.1 Expansion Results 
Figures 126, 127 and 128 show the effect of increasing the alkalis on expansion at 
three different sulfate levels. Increasing the alkali level at the AR sulfate level (Figure 
126) did not result in major changes. All values are within the same range for the ages 
shown here (the trend is not expected to change). AR-2.0 case shows the highest 
expansion. This is the same trend experienced by cement C. At  3.6% sulfate level 
(Figure 127), it can be seen that that all values are within a close range; however, the 
expansion increased with the increase in alkali content. This is the opposite of the trends 
experienced by cements C and E. But the values are all within a close range. At 5% 
sulfate level (Figure 128), it can  be seen that 5-1.5 cases show the highest expansion, the 
5-2.0 case started higher than the 5-AR case, then by 91 days , the values are real close. 
This again, is not similar to the trends observed for cements C and E, although, there is 
no dramatic increase due to the addition of alkalis, up to the ages shown here. For all 
practical purposes, all expansion values at each sulfate level, are considered unchanged. 
The minor differences experienced here could be due to experimental errors. Cement 
MH3 generally showed higher expansion values than cements C and E. This cement is 
very high in C3S and low in C3A which implies a lower tolerance for sulfate. 
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Figure 126: Effect of Alkali on Expansion Behavior for Cement MH3-SO3=AR 
 
 
 
144
0.00
0.02
0.04
0.06
0.08
0 30 60 90 120 150 180
Age (days)
Ex
pa
ns
io
n 
(%
)
3.6-2.0
3.6-1.5
3.6-AR
 
Figure 127: Effect of Alkali on Expansion Behavior for Cement MH3-SO3=3.6% 
 
 
0.00
0.02
0.04
0.06
0.08
0 30 60 90 120 150 180
Age (days)
Ex
pa
ns
io
n 
(%
)
5.0-2.0
5.0-1.5
5.0-AR
 
Figure 128: Effect of Alkali on Expansion Behavior for Cement MH3-SO3=5.0% 
 
Figures 129-131 show the expansion behavior of cement MH4 at three sulfate levels. 
Again, increasing the alkali level did not result in any major differences, at all three 
sulfate levels. There was, however, some minor changes due to the addition of alklais. 
The most obvious was the reduction in expansion in the 5% case due to the addition of 
alkalis. Also, at the 3.6% level, the expansion incresaed due to the alkali addition. 
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This cement is high in C3A; this means it will have higher tolerance for sulfate. This 
tolerance seems to increase due to the alkali addition. 
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Figure 129: Effect of Alkali on Expansion Behavior for Cement MH4-SO3=AR 
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Figure 130: Effect of Alkali on Expansion Behavior for Cement MH4-SO3=3.6% 
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Figures 132 and 133 show the expansion behavior for cement ERD07. There is no 3.6% 
sulfate case for this cement. Again, no major differences due to the addition of alkalis. 
The values decreased slightly. This cement is higher in C3A, and has a moderate C3S 
content, comparable to cement E.  
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Figure 131: Effect of Alkali on Expansion Behavior for Cement MH4-SO3=5.0% 
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Figure 132: Effect of Alkali on Expansion Behavior for Cement ERD07-SO3=AR 
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Figure 133: Effect of Alkali on Expansion Behavior for Cement ERD07-SO3=5.0% 
 
8.2 Compressive Strength 
Figures 134-141 show the compressive strength for all three cements at all sulfate 
levels. The general trend is what was observed in cements C and E; that is, strength 
decreases with the addition of alkalis.  
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Figure 134: Effect of Alkali on Strength Gain for Cement MH3-SO3=AR 
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Figure 135: Effect of Alkali on Strength Gain for Cement MH3-SO3=3.6% 
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Figure 136: Effect of Alkali on Strength Gain for Cement MH3-SO3=5.0% 
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Figure 137: Effect of Alkali on Strength Gain for Cement MH4-SO3=AR 
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Figure 138: Effect of Alkali on Strength Gain for Cement MH4-SO3=3.6% 
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Figure 139: Effect of Alkali on Strength Gain for Cement MH4-SO3=5.0% 
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Figure 140: Effect of Alkali on Strength Gain for Cement ERD07-SO3=AR 
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Figure 141: Effect of Alkali on Strength Gain for Cement ERD07-SO3=5.0% 
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CHAPTER 9 
DISCUSSION 
 Chapter 5 presented the effect of increasing sulfate content (SO3) on durability, 
which was assessed in terms of expansion and compressive strength. It was evident that 
increasing the SO3 content resulted in an increase in expansion, with some variation 
depending on the cement mineralogical composition. 
 
The cause of the expansion was tied to the formation of ettringite. This was done using 
XRD. Figures (25, and 26) show these results, where the expansion increased with the 
amount of ettringite. The microstructure  was not impacted by  increasing the SO3 
content. This is evident from the compressive strength values presented in Figures (18-
22). And also evident from the SEM micrographs. So, the microstructure could be 
excluded as a contributing factor for expansion in these cases. 
 
Increasing the SO3 content resulted in slowing the hydration process. This is evident  
from the delay of the appearance of the first peak on the heat of hydration curve (Figures 
111 and 113). It also  resulted in slowing down the hydration of C3S (Figures 92-97). 
This is contrary to some reports in the literature (67 and 83). 
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As to the effect of the mineralogical composition of cements on expansion, the results 
indicate that Cement MH3 and Cement C expanded the most. These two cements are 
high in C3S. Cement MH3 recorded the highest values. This cement has a C3S content of 
over 70% (Rietveld). It is clear that a high C3S content result in high expansion. It was  
reported in the literature (31) that the C-S-H gel has the affinity to adsorb sulfate ions. 
These ions are to be released later and become available for ettringite formation and 
potential expansion. This scenario, however, is more conducive to heat-cured mortars and 
concretes. In the current investigations, at room temperature,  ettringite formation was 
evident as early as 30 minutes and continued thereafter to level off at about 28 days. This 
was the case in both cements, C and E , where cement C has about 67% C3S and cement 
E about 54%. The sulfate adsorption and its later release by C-S-H gel could not explain 
the different behavior between the high and low C3S cements. There are two other 
possible explanations. First, the quality of the gel, since it is known that the formation of 
C-S-H gel requires a certain amount of sulfate for well-refined uniform gel. This may 
imply that cements higher in C3S may require excess sulfates to ensure good quality gel, 
otherwise there will be a lesser quality, weaker matrix . But from the compressive 
strength results assessed in this study, it appears that this is not the case (at least up to the 
ages studied here). The second explanation is related to the microstructure. The higher 
C3S will result in more C-S-H gel, and more calcium hydroxide. It is believed that there 
will be more sites for the formation and nucleation of ettringite  within the matrix. Now, 
these localized formations, will not affect the total amount of ettringite formed, but will 
result in more expansion since there are more of them spread throughout the matrix. 
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Cement MH4 is high in C3S, yet it did not follow the same behavior as cements MH3 and 
C. This is believed to be due to the high C3A content. Now, MH3 and C both are very 
low in C3A (2% -Rietveld). Consequently, there will be more sulfates available in 
solution. These sulfates are possibly adsorbed by C-S-H gel, and may later be released to 
form ettringite at numerous sites throughout the matrix as mentioned above. In cements 
with high C3A contents, even with high C3S, more sulfates are used by the aluminates to 
form ettringite or other aluminosulfate phases. This means less sulfates are available to 
form ettringite and cause more expansion as that which occurred in C and MH3 at the 5% 
sulfate level.  
 
Since there is an interrelationship between the SO3 and C3A contents, it may be better to 
relate their effect as a ratio of the two. One  way is to use the S
_
/A molar ratio as has been 
used in the literature. It seems like keeping this ratio equal to or less than one will not 
result in excessive expansion. Even higher ratios up to 1.6 did not result in excessive 
expansion. The highest expansion value ( in the current investigation) was for cement 
MH3 at just above 0.05%. This cement had a S
_
/A close to 1.0. 
 
It is imperative to indicate that this ratio should not be considered in isolation, since other 
factors such as C3S could affect the expansion. To emphasize, considering the behavior 
of cements MH3 and E, both had the same S
_
/A molar ratio (approximately 1.0) yet 
cement MH3 expanded higher, this is believed to be due to the higher C3S content. 
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As was presented in previous chapters, increasing the alkali content to 1.5% and 2% did 
not result in a major impact on the expansion behavior for all cements, and for all sulfate 
levels. The expansion behavior was dramatically altered when the alkali level increased 
to 3.8% for all sulfate levels. 
 
A correlation between the expansion behavior and the ettringite formation was 
established earlier,  the expansion increased as the amounts of ettringite formed 
increased. However, that relationship holds entirely true under low alkali contents,  as 
was previously presented in Figures 76-81 in chapter 7. It is evident that the amount of 
ettringite formed increases as we increase the sulfate content.  
 
Increasing the alkali content did not affect the total amount of ettringite formed 
ultimately. The addition of the alkali, however, and depending on the sulfate content, 
resulted in delay of the appearance of the ettringite as detected by XRD. This implies 
ettringite instability at higher alkalinity and the delay was at most in AR-3.8 cases, a 
finding that is consistent with what was reported previously in the literature (1). This 
phenomenon, of course, depends on the sulfate content; at 5% SO3 ettringite appeared as 
early as 8 hours in cases 5-3.8. 
 
Evidently, the expansion behavior observed could not be totally explained by the amount 
of ettringite formed and detected by XRD. For example, the amount of ettringite was 
almost the same in the 5% sulfate cases, yet, only the 5-3.8 case showed excessive 
expansion and the eventual damage. Again, for the 3.6% sulfate cases, at all tested alkali 
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contents, showed the same amount of ettringite, yet the 3.6-3.8 case is the only case that 
showed excessive expansion.   Using SEM, the nature of ettringite was examined. Figure 
122 shows the ettringite needles observed. In cases of E-5-3.8, and C-5-3.8 at 3 days the 
ettringite consisted of fine needles dispersed throughout the gel. At 91 days the needles 
appeared well crystallized and much thicker. This could be explained in two ways, first 
the crystal growth theory by Mehta (4) and Charlotte (5), and by the space availability 
occupied previously by the syngenite and arcanite as was explained by Stark (76). This 
only occurred in the high alkali, high sulfate case. SEM investigation showed the 
syngenite and arcanite crystals to persist for at least 3 days in the 5-3.8 cases.  One other 
factor to consider, the space created by the less quality gel due to the alkali addition. This 
may have exacerbated the effect of the ettringite on the expansion potential. 
 
It seems however, that the key action, besides the ettringite formation here is the strength 
of the mortar and the quality of the gel. By looking at the strength curves, it could be seen 
that the strength of the 3.8% alkali case was almost the same in all sulfate levels. Yet, the 
damage occurred in the 5% case, then 3.6% case, and did not occur yet in the AR case in 
cement E, but it did occur in cement C. It has to be remembered that cases AR-3.8 
expanded the most in the first 28 days; yet, there was no ettringite detected up to that age. 
The higher expansion could be due to the moisture absorption by the porous structure as a 
result of the high alkali content. 
 
The total porosity and surface area were measured for cases C-AR-AR and C-AR-3.8 at 
almost 98% hydration. The porosity is an indication of the quality of the gel. The 
hydration of the C3S and, hence, the formation of C-S-H gel goes through different stages 
(See Appendix C). Each part of the formed gel  has a typical pore size associated with its 
formation. The normal hydration process of C3S is as follows: hydrolysis phase during 
the initial reaction, the induction phase follows, where the first layer of gel forms around 
the unhydrated grains, at the onset of the acceleration stage, this layer of gel begins to 
break down allowing further hydration of inner grain and more layers of gel forms, this 
layer becomes thicker as the hydration continues forming a barrier, through which water 
must flow to allow further hydration of the  most inner grains. The gel formed as a result 
of the last stages of hydration is typically denser than the gel formed on the outer layers, 
and has pore sizes in the range of 1-4 nm in diameter (49). The results of the pore size 
distribution on the above mentioned samples are presented in Figure 142. It can be seen 
how the number of these small pores (and hence total surface area) was higher for the 
AR-AR case. These results suggest more complete hydration of the inner grains in this 
case. This is consistent with the results reported by M.C.G. Juenger and H. Jennings (49). 
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Figure 142: Pore Size Distribution for Cement C 
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        A Cement C-5-3.8             B Cement C-5-AR 
Figure 143: Photographs under Light Microscope for Cement C 
 
It is apparent that increasing the alkali content results in strength reduction, at all levels. 
Investigation of the microstructure showed clear differences between alkali-doped 
cements and the cases of as-received alkali contents. Figure143 shows a photograph 
taken under light microscope. It could clearly be seen that there are dark regions. These 
dark regions were noticed in all alkali-doped cases, and were more pronounced as the 
alkali content was increased. These spots were investigated using XRD and SEM. 
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Figure 144: XRD Pattern for Cement C-5-3.8, Case A in Figure 143 
CH= Calcium Hydroxide, CSH= Calcium Silicate Hydrate Gel, C=Calcite 
 
 
159
 
160
Examination using XRD showed that the dark regions contained crystalline C-S-H gel.  
The crystalline nature of the gel formed in higher alkali content was reported by other 
researchers (50). This could have resulted in preferentially weak planes and a lower 
compressive strength. The SEM investigation on polished sections did not reveal major 
differences between the dark regions and the remainder of the gel. Also, there were 
clearly identified white spots that appeared under the light microscope (Figure 143 A) for 
case C-5-3.8. XRD analysis showed that these white spots where CH. CH quantification 
using Rietveld analysis on the hydrated paste (Figure 93) revealed these differences, 
especially in the first 24 hours. This also was confirmed by the chemical analysis on the 
liquid phase, where calcium ions concentration was lowest in the higher alkali cases 
(Fig.110-115). The conclusion was that in high alkali cases, CH precipitated faster. CH 
deposits early on (within the first few hours) would have interfered with further gel 
nucleation and resulted in a less continuous gel structure. Also, it is believed that the 
alkali accelerates the stiffening of the cement paste. This is evident from the shortening 
of the dormant period. The presence of the alkalis is believed to accelerate the nucleation 
around the cement grains prior to the dormant period thus preventing the diffusion and 
further hydration of the inner cement particles later on. This will result in a less refined, 
less continuous microstructure.  
 
It has been reported in the literature that higher alkalinity results in a lower Ca/Si ratio 
(48, 52, 61 and 66).  This could not be verified in the current investigation using polished 
sections under SEM/EDS.  Calcium ion concentration in the liquid phase was always  
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lower as the alkali content increased; this may have resulted in a lower Ca/Si gel, but it 
could not be verified. 
 
Inclusion of other ions within the gel seems to impact the Ca/Si ratio. Other ions (S, Fe, 
Mg, and Al) were always present in the gel with some variations; however, a trend could 
not be established. The effect of these ions inclusion, in minor quantities, on the quality 
of the gel is not quite clear. It was mentioned in the literature (17) that the gel has an 
affinity to adsorb sulfate ions, and this affinity increases at higher alkalinity. It was also 
mentioned elsewhere (67) that sulfate ions could substitute up to 1/6 of the Si in the gel. 
This may result in a weaker structure. Again, this could not be verified in the current 
investigation. Other researchers (64) have mentioned that in cases where the mixes were 
doped with alkalis (NaOH), the sodium ions substituted for the Si ions in the C-S-H gel, a 
similar notion was reported by K. Suzuki et al (61) which resulted in a lower Ca/Si ratio. 
In the current investigation, the potassium was not detected in any of the cases. 
 
Figures 123 and 124 show some SEM micrographs on fractured surfaces for certain cases 
of cements C and E.  Figure 123 is for paste samples of cement C. Difference between 
cases C-AR-3.8 and C-AR-AR is apparent. In the former, it can be seen that the gel being 
disintegrated and less continuous. The effect was more evident in the case of the mortar 
bars (Figure 124). Figure 124-A also shows mortar bars for case E-AR-AR. In this case 
the bars did not experience the degradation that was experienced by cement C. This is 
believed to be due to the higher C3S content of cement C. The effect of the C3S lies in the 
production of higher amounts of C-S-H gel early on, and higher amounts of calcium 
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hydroxide. The effect of C3S is evident from the expansion results of cement MH3 
presented in chapter 8. The expansion results were higher for that cement. 
 
Cements C, MH3 and E, all have very low C3A content. The difference in behavior 
between cements MH3 and C as compared to cement E was explained by the C3S 
content. But, cement MH4 has a high C3S content, yet the expansion values were lower 
compared to cement MH3. This is believed to be due to the difference in the C3A content 
The C3A content is about 10% (Rietveld) for cement MH4 as compared to 2% for cement 
MH3. It seems that cements higher in C3A content are more tolerant to sulfate additions. 
This conclusion is not indefinitely true however.  
 
The S
_
/A molar ratio mentioned earlier still holds true for alkali levels up to 2%, at 360 
days, the expansion values did not exceed .05% (except for cement MH3) keeping the 
 S
_
/A equal to or less than one, or even a little higher than that. This value,  however, is 
not a measure of cement performance at higher alkali contents. At 3.8% alkali level, and 
for the same S
_
/A molar ratio, the behavior was totally different. 
 
Increasing the alkali content seems to increase the rate of hydration early on, especially 
the rate of hydration of C3A. This was evident at 3.8% alkali content from the heat of 
hydration curves. This effect was not as clear at 1.5% and 2% alkali levels.  As shown 
earlier,  increasing the sulfate content resulted in delaying the appearance of the first  
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peak, which implies that sulfates delay the hydration of the C3A. Increasing the sulfate 
level at the higher alkali level resulted in slowing down the reaction, although it did not 
delay the appearance of the first peak. It results in less heat  generated (cases 5-3.8). It 
was also shown that increasing the sulfate levels to 3.6% and 5% resulted in higher 
strength when the alkali levels were increased. The conclusion was that sulfate counteract 
the effect of alkalis on the hydration process.  
 
Increasing the alkali content seems to increase the availability of the sulfate ions in 
solution. This makes these ions unavailable to participate in the formation of ettringite to 
slow the hydration of C3A down. Additionally, it would prevent the sulfates from 
participating in the formation of  the gel. It is apparent that certain amount of sulfates are 
necessary for the formation of the gel. Now, increasing the sulfate content (while keeping 
the alkali level constant) will make more sulfate ions available to participate in these 
reactions. But, the excess sulfate will be available and may prove disastrous later on.  
From the results presented here, it seems an SO3/Alkali molar ratio of 2 or above is 
needed to prevent excessive expansion or severe loss of strength. One thing to keep in 
mind though, increasing sulfates and alkalis indefinitely to maintain this ratio is not a 
viable option since these increases will have adverse effects on long-term durability. 
 
Proposed Mechanism of Alkalis Effect: 
The presence of high alkali concentration seems to interrupt the growth of the C-S-H gel 
fibers as these crystals grow on the surface of the C3S grains. This will prevent the  
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bridging action and the interlocking of these fibers. This will result in a weak 
microstructure. High alkali concentration would also result in early precipitation of 
calcium hydroxide which may interfere with the growth of the C-S-H gel fibers. 
 
Without proper retardation, the alkalis seem to impact the first layer formed around the 
C3S grains. Typically this layer will breakdown and become more permeable at the end 
of the dormant period, allowing diffusion and more water to help the hydration of the 
inner unhydrated grains. But the presence of alkalis results in an early stiffening of this 
layer and this will hinder the further diffusion and further hydration of  the inner 
particles. This may explain the lower portion of the gel pores (1-4 nm) in the higher alkali 
cases. These pores are typical of the denser phenograins. Also, the ettringite formed in 
the presence of high OH- is the expansive type as mentioned before. The combination of 
the porous microstructure and expansive ettringite resulted in high expansion, reduction 
in compressive strength and eventual damage. 
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CHAPTER 10 
CONCLUSIONS 
Based on the preceding results and discussion, we could draw the following conclusions: 
1. Increasing the SO3 contents results in an increase in expansion. 
2. The increase in expansion seemed to be the result of an increase in the 
formation of ettringite. 
3. Increasing the SO3 contents did not dramatically alter the hydration process. 
However, it seems to slow down the process. 
4. There was a delay in strength gain at the 5% level; the strength at 180 days 
was not altered. 
5.   Increasing the alkali levels up to 2% (Na2O equivalent), at all sulfate levels, 
did not impact the expansion behavior much, at room temperature cure. 
6.  Increasing the alkali level to 3.8% (Na2O equivalent), resulted in the eventual 
damage of mortar prisms. 
7. Increasing the alkali content, decreases the compressive strength. 
8. Alkalis influence the kinetics of hydration in the early stages. 
9. Sulfates counteract the effect of the alkalis on hydration process. 
10. Sulfate content of 3-3.6% did not seem to adversely affect the Portland 
cement systems of low alkali content and moderate fineness cured under 
ambient conditions. 
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Appendix A: Cement Dissolution Methods 
A.1 Salicylic Acid-Methanol Extraction (SAM) 
 This method is used to dissolve silicate phases and free lime, it leaves a residue of 
aluminates, ferrites, alkali sulfates, periclase, carbonates and double-alkali sulfates. To 
prepare the extraction, 20 grams of salicylic acid was added to 300 ml of methanol, the 
mixture was then mixed on a stirring plate. 5 g of cement then added and mixed for two 
hours in a stoppered flask The mixture allowed to settle for about 15 minutes, then it was 
vacuum-filtered through 0.45 a polypropylene  filter. The collected residue was then 
washed with 100 ml of methanol, then dried at 95ºC for 30 minutes. 
 
A.2 Potassium Hydroxide/Sugar Extraction (KOSH) 
 This method is used to dissolve the interstitial phases pf aluminate an ferrites, it 
leaves behind the silicate phases and some other minor phases such as gypsum and 
periclase. To prepare the extraction, 30 gm of sucrose were dissolved in 300 ml of 
distilled water in a flask. The mixture was then placed on stirring plate and heated up to 
95ºC. 5 gm of the cement where then added and solution was mixed for one more minute, 
maintaining the temperature above. The suspension was allowed to settle, then it was 
vacuum-filtered through a 0.45 micron polypropylene filter. The collected residue was 
then washed with 50 ml of methanol, then dried at 60 ºC. 
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Figure 145: XRD of Hydration Products, Case E-5-3.8  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile 
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite, KS=Arcanite 
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Figure 146: XRD of Hydration Products, Case E-3.6-3.8  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile 
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite, KS=Arcanite 
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Figure 147: XRD of Hydration Products, Case E-AR-3.8  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile 
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite, KS=Arcanite  
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Figure 148: XRD of Hydration Products, Case E-5.0-AR  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile 
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite 
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Figure 149: XRD of Hydration Products, Case E-3.6-AR 
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile 
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite 
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Figure 150: XRD of Hydration Products, Case E-AR-AR  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite   
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Figure 151: XRD of Hydration Products, Case E-AR-1.5  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite , KS=Arcanite 
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Figure 152: XRD of Hydration Products, Case E-AR-2.0  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite , KS=Arcanite 
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Figure 153: XRD of Hydration Products, Case E-5.0-2.0 
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite , KS=Arcanite 
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Figure 154: XRD of Hydration Products, Case C-5.0-3.8  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite, KS=Arcanite 
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Figure 155: XRD of Hydration Products, Case C-3.6-3.8 
 C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile 
 CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite ,  KS=Arcanite 
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Figure 156: XRD of Hydration Products, Case C-AR-3.8 
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite , KS=Arcanite 
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Figure 157: XRD of Hydration Products, Case C-5.0-AR  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite   
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Figure 158: XRD of Hydration Products, Case C-3.6-AR  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite   
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Figure 159: XRD of Hydration Products, Case C-AR 
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite   
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Figure 160: XRD of Hydration Products, Case C-5.0-1.5  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite, KS=Arcanite 
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Figure 161: XRD of Hydration Products, Case C-3.6-1.5  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite   
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Figure 162: XRD of Hydration Products, Case C-AR-1.5  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite   
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Figure 163: XRD of Hydration Products, Case C-5.0-2.0  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite,   KS=Arcanite 
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Figure 164: XRD of Hydration Products, Case C-3.6-2.0 
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite   
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Figure 165: XRD of Hydration Products, Case C-AR-2.0  
C3S= Tricalcium Silicates, C2S=Dicalcium Silicates, TiO2,=Rutile  
CH=Ca (OH)2,, BM=C4AF,  E=Ettringite, G=gypsum,C= Calcite   
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Appendix C: Schematic Representation of C3S Hydration 
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Figure 166: Schematic Representation of C3S Hydration 
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